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CHAPTER 1 
INTRODUCTION AND OUTLINE OF THE STUDY 
1.1 INTRODUCTION 
Analysis of respiratory gases during anaesthesia can serve one or 
more purposes. They are: 
1. to control the fractional gas concentrations in the respira-
tory air of the patient, 
2. to assess the metabolic, cardiovascular, and respiratory func-
tion of the patient, 
3. to evaluate the relation of the end-tidal concentration of 
anaesthetic gases to the "depth of anaesthesia". 
These purposes can be ideally achieved if the following require-
ments are met: 
1. there should be a simultaneous and continuous analysis of 02, 
C02, N2, anaesthetics in use (e.g. NjO, volatiles), and tracer 
gases (e.g. Ar), 
2. the method(s) used should be: 
a. fast: the period elapsed between sampling and result 
should be as short as possible, 
b. accurate: statically and dynamically (the dynamic accu-
racy should allow distortion-free recording of a single 
breath curve), 
c. simple: in calibration and use, 
d. inexpensive: to purchase and to maintain, 
3. the result should be automatically recorded, i.e. an electri-
cal output signal is required. 
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The methods used for the analysis of gases are commonly divided 
into either chemical or physical, although this distinction is some-
times difficult to make (Mapleson, 1962; Sykes, Vickers and Hull, 
1981). The methods based on chemical processes do not generally 
allow rapid, continuous analysis, whereas physical methods do. For 
the latter, the underlying principle used during the measurement is 
a more or less specific physical property of the gas being analysed. 
These physical properties are listed in table 1.1 (Lilly, 1950; 
Cotes, 1979). 
Table 1.1: Physical properties used in gas analysis 
1. Absorption of radiation 6. Flame conductivity 
2. Current or voltage 7. Viscosity 
- Polarographie potential 8. Mass 
- fuel cell 9. Paramagnetism 
- pH sensitive electrode 10. Photo-ionization 
- collector electrodes 11. Refractive index 
3. Density 12. Solubility 
4. Differential adsorption 13. Sound transmission 
(gas chromatography) 14. Thermal conductivity 
5. Emission of radiation 
Listed properties are in most cases not unique for an individual 
gas, and the methods involved are called non-specific. Gas concen-
tration measurements based upon a non-specific method will possibly 
be disturbed by interference of other gases in the mixture. The 
methods based on a (virtually) unique physical attribute of a gas 
are termed specific. 
The various applications of the physical principles, which allow 
continuous recording of the entire contour of a gas concentration 
during a respiratory cycle (i.e. the "respired waveform"), are shown 
in table 1.2. Only 02, C02, N2, N2O, Ar, and halothane, which is 
taken as an example for the volatile anaesthetics, are considered. 
Table 1.3 shows that the use of N2O and halothane enlarges the prob-
lem of interfering gases. 
Table 1.2: Breath-by-breath gas analysis 
Physical principles allowing to record an entire respired waveform. 
P r i n c i p l e Gases References 
I .R. absorpt ion 
U.V. absorpt ion 
Polarography 
Fuel c e l l 
Collector electrode 
U.V. emission 
Mass-charge ratio 
Paramagnetism 
Sound transmission 
Thermal conductivity 
COZ 
halothane 
o2 
o2 
0 2, C0 2 
N 2 
all 
0 2 
со
г 
СОг 
o2 
Smalhout, 1967 
Hill et al., 1968 
Tatnall et al., 1978 
Kreuzer et al., 1960 
Beneken Kolmer, 1967 
Sodai et al., 1968 
Nitta et al., 1969 
Daniels et al., 1975 
Fowler, 1969 
Pauling et al., 1946 
Conway et al., 1973 
Stott, 1957 
Serra et al., 1963 
Jessop, 1966 
Serra et al., 1963 
For the simultaneous analysis of the gases given above, a range 
of analysers would be necessary with the following disadvantages: 
different response times, phase shift between the results, large 
total sample flow, and bulky equipment. However, there is one 
instrument that allows simultaneous analysis of a number of differ­
ent gases. This instrument is called a "mass spectrometer", or more 
specifically "respiratory mass spectrometer" to stress its use in 
the analysis of respiratory gas mixtures. It allows simultaneous, 
continuous, fast, accurate, and automatically recorded analysis. 
However, it is expensive and not very simple to use. 
A solution to the problem of cost is to share one respiratory 
mass spectrometer between several patients. This idea was worked 
out for intensive care units (Potter, 1976; Riker and Habermann, 
1976; Crawford McAslan, 1976; Gothard et al., 1980) and operating 
theatres (Ozanne et al., 1981; Gillbe, Heneghan and Branthwaite, 
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Table 1.3: Breath-by-breath gas analysis 
Gases interfering with the analysis of the gases listed in table 1.2. 
Remarks are given between brackets. 
Principle Interferences/remarks References 
I.R. absorption 
U.V. absorption 
Polarography 
Fuel cell 
Collector electrode 
U.V. emission 
Mass-charge ratio 
Paramagnetism 
Sound transmission 
Thermal conductivity 
Ar, 0 2, N2 
halothane 
N2O 
HjO: negligible 
none 
halothane 
N20 
halothane 
(explosion hazard) 
H20, N 2 
anaesthetic vapours 
C02, H20 
this study 
(not usable 
with IPPV) 
anaesthetic gases 
Ν20, Ar 
Amraann et al., 1968 
Hill et al., 1967 
Burton, 1969 
Cooper, 1957 
Tatnall et al., 1978 
Severinghaus et al., 1971 
Albery et al., 1978 
Elliott et al., 1966 
Wilson et al., 1972 
Bushmann, 1975 
Cotes, 1979 
Conway et al. 
Stott, 1957 
Sykes et al., 
1973 
1981 
1981; Spence and Davis, 1981). In this set-up, the mass 
spectrometer is located near the operation theatres, while long sam­
pling tubes suck off the sample gas from the anaesthetic circuit of 
each patient being monitored. The length of the tubes depends on the 
distance between the mass spectrometer and the operating theatres; 
distances of 60 m have been reported (Link and Eyrich, 1982). A 
valve box sequentially directs the sample flow from the operating 
theatres to the mass spectrometer (see fig.1.1). 
This thesis deals with problems which stem from the use of a sin­
gle mass spectrometer shared by several patients. 
4 
patient 30metres valve 
V 
τ ^ ^ - ^ • ^ ^ _ (Τι г 
1 
(Ti г 
I 
t mass 
' spectrometer 
^ seoarate 
' vacuum source 
Fig. 1 . 1 : Scheme of a sampling system for four patients sharing one 
mass spectrometer. On the diagram line no.1 is sampled, while a 
separate vacuum source is drawing off gas from the other lines. 
Thus current information is fed to the mass spectrometer when the 
system switches from line no.1 to line no.2. 
1.2 OUTLINE OF THE STUDY 
The remote operation of a respiratory mass spectrometer, which 
sequentially analyses the respiratory gases of several patients, has 
several implications. Firstly, the sample gas needs time to travel 
down the long tube (= transit time, or delay time, or lag time), 
i.e. the method becomes less fast. Secondly, the long tubes distort 
the respired waveforms, i.e. the method becomes less accurate. 
Thirdly, a dead period is introduced between the successive sampling 
periods on each line. So the anaesthetist sharing the monitoring 
facility has no information about his patient during considerable 
periods of time. 
None of the authors referred above discussed in detail the 
relationships between sample flow, transit time, and distortion of 
respired waveforms. They did not recognize the necessity to search 
for a "compromise" between these three factors, which are determined 
by the geometry of long sampling tubes, whereas distortion, in addi-
tion, is influenced by the tube material. Only one report treated 
the problem of the dead period caused by the combination of a cen-
trally located mass spectrometer and a data acquisition system 
(Ozanne et al., 1981). 
Therefore this study has two purposes. They are: 
1. to select a long sampling tube offering a "compromise" between 
distortion of respired waveforms, sample flow, and transit 
time, 
2. to search for a sampling system which provides simultaneous 
monitoring of four patients with one mass spectrometer. 
In 1965, Fowler, who introduced the mass spectrometer into clini-
cal practice, wrote about the new generation of mass spectrometers 
which still had to be built: 
"At the same time, like all mass spectrometers, these are com-
plex physical instruments requiring of the user knowledgeable 
operation and maintenance in every day use, and a full under-
standing of the design principles if they are to be succes-
fully applied to new problems. They are not 'black boxes' for 
casual use by housemen..." (Fowler, 1965). 
Although manufacturers have achieved much in the meantime to facili-
tate the clinical use of mass spectrometers, it was felt at the 
start of the present study that Fowler's words had to be taken seri-
ous ly. 
Therefore the two purposes of this study are worked out in six 
main objectives. They are: 
1. to review the principles of a respiratory mass spectrometer, 
and the problems arising from its use during general anaesthe-
sia (chapters 2, 3, and 4), 
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2. to evaluate the performance of the Centronic 200 MGA mass 
spectrometer which incorporates facilities to solve some of 
these problems (chapter 5), 
3. to work out a mathematical model describing the relationships 
between sample flow, transit time, and distortion of respira-
tory signals on one hand, and the geometry of ideal long sam-
pling tubes on the other (chapter 6), 
4. to select a long sampling tube which by experimental observa-
tion not only approximates the theoretically predicted distor-
tion (for a given geometry), but also can be used easily in 
clinical practice (chapter 7), 
5. to design and test a sampling system which shows the princi-
ples and possibilities of simultaneous monitoring of four 
patients (chapter 8), 
6. to search for future developments which could improve the 
obtained results (chapter 9). 
Chapters 2 to 4 are united in Part I, and chapters 5 to 9 in 
Part II. 
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CHAPTER 2 
PHYSICOCHEMICAL BACKGROUND OF MASS SPECTROSCOPY 
A mass spectroscope is an instrument which separates charged parti-
cles according to their mass-charge ratio. Mass spectroscopes can 
deal with gaseous, liquid, or solid samples. In this study only 
gaseous samples will be considered. 
Mass spectroscopy is based on physicochemical principles. For the 
sake of simplicity, this chapter will first describe this physico-
chemical background, although much about it, e.g. atomic structure 
and the existence of isotopes, was discovered thanks to the progress 
in the field of mass spectroscopy. 
It is useful to define here the four components of a mass spec-
troscope. They are: 
1. a sample system, 
2. an ion source, 
3. an ion separator system, 
4. an ion detector system. 
These four components will be treated in detail in chapter 3. 
Mass spectroscopes can be classified either as mass spectrographs 
or as mass spectrometers, depending on the type of ion detector sys-
tem in use: 
• mass spectrographs have a photographic plate as detector, 
• mass spectrometers have an electrical detector system. 
Therefore only the mass spectrometer produces an electrical output 
signal. This classification will be illustrated in section 3.7. In 
the present study the mass spectrometer will be mainly dealt with, 
because this type of mass spectroscope is used in the continuous 
analysis of anaesthetic gas mixtures. 
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2.1 THE RUTHERFORD-BOHR ATOM MODEL 
For the purpose of this study, atomic structure can be satisfacto­
rily described by the classical Rutherford-Bohr atom model. 
According to it, an atom is pictured as a miniature solar system 
with a positively charged nucleus surrounded by a cloud of neg­
atively charged electrons orbiting the nucleus. These electrons can 
link atoms to form molecules. The nucleus itself contains positively 
charged protons and electrically neutral neutrons. The atom as a 
whole is electrically neutral; its structure is guaranteed by a bal­
ance of nuclear forces. 
All these particles, i.e. the protons, neutrons, and electrons 
have a mass and a charge listed in table 2.1. Not only SI-units for 
mass and charge, i.e. kg and C(oulomb) are shown, but also physical 
atomic units, i.e. atomic mass units (u), and electron units (e). 
These units have the following conversions: 
-27 1 u = 1/12 mass of a neutral l2C-atom = 1.6605655x10 kg, 
1 e = 0.16021892χ10"18 C(oulomb). 
Table 2.1: Mass and charge of a proton, neutron, and electron 
The SI units (kg and C ) , and atomic units [u and e) are shown 
[From: Physical Letters, 111B, April 1982) 
proton 
neutron 
electron 
1. 
1, 
0, 
mass 
kg 
.672648xl0"27 
.674954xl0"27 
.91095xl0"30 
1, 
1, 
548. 
u 
.007276 
.008665 
.6xl0"6 
0. 
0 
-0. 
charge 
С 
16021892χ10"18 
16021892xl0"18 
e 
+1 
0 
-1 
Table 2.1 shows that protons and neutrons have about the same mass, 
whereas electrons have a negligible mass. Thus atomic mass depends 
mainly on the total number of protons and neutrons. For a given 
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atom, say carbon, the number of protons equals the number of 
electrons: carbon contains 6 protons and 6 electrons. However, the 
number of neutrons in an atom may vary: these atomic variants are 
called "isotopes". Carbon has two naturally occurring stable iso-
topes: 12C and 13C, containing 6 and 7 neutrons, respectively. 
Isotopie atomic masses, expressed in u, are extremely close to whole 
numbers. The nearest whole number to an isotopie atomic mass is 
called the mass number of an isotope (this number equals the total 
number of protons and neutrons). For example, the l3C isotope of 
carbon with an atomic mass = 13.00335 u has a mass number =13. An 
average atomic "weight" of an element can be calculated from the 
exact masses of its isotopes and their relative abundances: "carbon" 
has an atomic weight of 12.01115 u (Handbook of Chemistry and 
Physics, 1970). 
2.2 IONIZATION AND FRAGMENTATION 
Highly energized particles can be used to damage the described 
atomic structure. For instance, bombarding atoms with free electrons 
removes electrons from their orbits. An electron being removed, the 
atom has a surplus positive charge and is called a positive ¡on. The 
process of creating an ion is called ionization, and the minimum 
energy cost for it is called "ionization potential". With this 
"potential", the accelerating potential for the bombarding electrons 
is meant. Ionization potential may be a wrong term in fact, because 
it stands for an amount of energy; "ionization energy" may be a bet-
ter term. More than one orbiting electron can be removed at the 
same time, provided enough energy is delivered to the atom. 
Just as with atoms, molecules can be ionized, but when sufficient 
energy is supplied, molecules may undergo fragmentation into charged 
and neutral particles. Polyatomic molecules, e.g. volatile anaesth-
etics, undergo decomposition in many fragments. 
Using SI units, the mass-charge ratio of an ion is expressed in 
kg per C(oulomb). However, in mass spectroscopy mass-charge ratios 
are usually given in atomic units. The mass m is given as η atomic 
mass units (u), and the charge q as n' electron units (e). So the 
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mass-charge ratio m/q, expressed in u/e, equals η/η', but usage has 
led to dropping the expression u/e. Under certain conditions, the 
ratio may be rounded off to the nearest whole number. 
I 1 
EXAMPLE: a lïC1602 ion has a mass of 43.98982 u and a charge of 
+2e; its mass-charge ratio is 21.99491 = 22 (u/e). 
This m/q ratio has to be converted into SI units, if the m/q ratio 
has to be introduced into equations containing coherent SI units. 
Using the above mentioned proportions between u and kg on one hand, 
and between e and С on the other, the following conversion factor is 
found: 1 u/e = 10.364353χ1θ"9 kg.C"1. 
EXAMPLE: the m/q ratio of the same ion is 227.96301x10 kg.C 
In a mass spectroscope the ionization process is realized in the 
¡on source. Further manipulation of these ions is possible by the 
action of electric and/or magnetic fields in the ¡on separator sys-
tem, where the charged particles are separated according to their 
m/q ratio. The influence of these fields upon moving ions is 
treated in section 2.4. Separated ions are detected by the mass 
spectrometer as "mass peaks", or as "mass lines" by the mass spec-
trograph. The "collection" of these peaks or lines is called the 
"mass spectrum" of a substance (for further discussion of these 
terms see section 3.5). 
2.3 FORCE AND MOMENTUM 
The relationship between a force F applied to an object with mass m, 
and the resulting acceleration a is given by the second law of 
Newton. The momentum ρ of an object is the product of its mass and 
its velocity v. These relationships may be summarized as follows: 
dv d(mv) dp 
F = ma = m — = = — (2.1) 
dt dt dt 
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2.4 THE MOTION OF IONS IN ELECTRIC AND MAGNETIC FIELDS 
The motion of a single ion through electric and magnetic fields can 
be described easily, but in mass spectroscopy more particles have to 
be considered at the same time. In fact, the ions produced in the 
ion source are accelerated and focused into an ion beam, which is 
further analysed. Two factors are important for the behaviour of the 
beam ions in the electric and magnetic fields: 
• The kinetic energy acquired by the ions in the ion source. 
Ideally all ions should acquire the same energy, i.e. the ion 
beam should be "mono-energetic". 
• The thickness and angular divergence of the ion beam. Ideally 
the beam should be infinitesimally narrow and have no diver­
gence . 
In practice the ions of an ion beam show a certain energy spread, 
and the beam not only has a certain thickness but also is slightly 
divergent. 
Instead of a very general treatment, some special cases of the 
motion of ions in electric and magnetic fields will be discussed. 
These cases are readily applicable to mass spectroscopy. 
2.4.1 A single positive ion moving in an electrostatic field 
2.4.1.1 Field parallel to the direction of motion 
A uniform electrostatic field is situated between two plates, which 
are at distance s from each other, and are at the potentials Uj and 
Vz, respectively, with Όχ > U 2 and AU = Uj-Uj. The field strength 
is given as : 
Ui-Ug Δϋ 
E = = — (2.2) 
s s 
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F i g . 2 . 1 : Motion of a positive ion in an electrostatic field parallel to 
the direction of motion. The field is generated between two plates 
with potential Uχ and U2. 
In an e l e c t r i c f i e l d , an ion with mass m and charge q i s subject t o 
a force with a magnitude qE o r : 
qE = ma (2.3) 
A positive ion with mass m and charge q enters the field at 0, or 
is created at 0, where the ion is supposed to have no kinetic energy 
of its own. At 0, the ion has the potential energy qUj. If it moves 
under the influence of the electrostatic field to Ρ (see fig.2.1), 
its potential energy decreases to qU2. The decrease in potential 
energy is turned totally into kinetic energy if no energy is lost 
during motion, e.g. by collisions with other particles. Thus the 
following relation is obtained: 
2 2 
Пі( 2 -V! ) 
qOh-Uz) = = qAU (2.4) 
where Vi and Vg are the velocities of the ion at 0 and P, respec­
tively. Since it was supposed that the ion had no kinetic energy at 
0, eq.2.4 reduces to : 
т г 
qAU = (2.5) 
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indicating that lighter ions will move faster at the field exit than 
heavier ions, and that the kinetic energy of ions emerging from the 
field depends on the accelerating voltage AU. Accordingly, such an 
electrostatic field can be called "electrostatic accelerator". 
EXAMPLE: Suppose a N20 ion with a mass-charge ratio rounded off to 
44 (u/e) is created at 0, where Uj = 3000 Volt. If U2 = 0 V, and 
s = 0.065 m, then the velocity of the ion at the exit of the 
electrostatic accelerator is given as (eq.2.5): 
3000 
v2 = •( 2 
44 10.364353x10 -9 
) = 114.70390xl03 m.s"1 
2 . 4 . 1 . 2 Field perpendicular to the direction of motion 
F ig .2 .2 : Motion of an ¡on in an electrostatic field perpendicular to 
the direction of motion. An ion with mass m and charge q enters 
the field at O, leaves it at Q and hits a photographic plate at K. 
The same field as above is supposed to have a length z, and to be 
perpendicular to the direction of motion of the ion (see f ig .2 .2) . 
The ion enters the field in 0, which is chosen as the origin of the 
x-y axes. The ion is moving with a constant velocity ν along the 
x-axis, i . e . there is no acceleration in the x-direction. 
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The trajectory of the ion through the field can be calculated as 
follows. The equations of motion are: 
χ = vt (2.6) 
a t 2 
У 
У = (2.7) 
where a is the acceleration in the y- direction. Combining 
eqs.2.3, 2.6, 2.7, and eliminating t yields: 
q E x 2 
У = (2.8) 
m 2 v 2 
Eq.2.8 defines the trajectory of the ion through the field as a par­
abolic path, with the top of the parabola in 0. After emerging from 
the field, the trajectory of the ion becomes a straight line tangent 
to the parabola at the exit point Q, since the electric field is no 
longer acting on the ion. 
Suppose that, after emerging from the field and travelling along 
a straight line, the ion hits at point К a photographic plate placed 
normal to the direction of motion at point N, which has the coordi­
nates n,0. The x-coordinate of К equals η and the y-coordinate is 
given as : 
q E z(2n-z) 
NK = - χ — χ (2.9) 
m v
2
 2 
indicating that an ion with greater kinetic energy will be less 
deflected than an ion with smaller kinetic energy. In other words, 
this electrostatic field selects ions according to their energy or 
acts as an "energy selector". 
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2.4.2 A single positive ion moving in a magnetic field 
Suppose a positive ion enters at 0 (see fig.2.3) a uniform magnetic 
field, which has sharp boundaries and is perpendicular to the plane 
of drawing. Point 0 is the origin of the x-y axes. 
Fig.2.3: Motion of an ion in a magnetic field perpendicular to the 
plane of drawing. The ion enters the field at О and hits a photo­
graphic plate at K. 
If ν is the (constant) velocity of the ion, and if В is the magnetic 
induction of the field, the force on the ion exerted by the magnetic 
field is given as: 
F = qvB (2.10) 
m 
The magnetic force is always at right angles to the direction of 
motion, changing the direction of the ion but not its speed. The 
straight line motion of the ion is bent into a circular path. The 
magnetic force equals the centripetal force on the ion. This is 
expressed by: 
2 
mv 
qvB = (2.11) 
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where r is the radius of the circular path. Substituting mv by ρ 
in eq.2.11, and manipulating algebraically yield: 
Ρ 
г
ш
= - (2.12) 
qB 
If q = +le, i.e. the ion is singly charged, eq.2.12 reduces to: 
r
m
 = ρ χ В"
1
 (2.13) 
Eq.2.13 shows that, in a given magnetic field, r is proportional to 
the momentum of a singly charged ion. 
Suppose the magnetic field has a width z, and a photographic 
plate is placed perpendicular to the direction of motion at point N 
with the coordinates (n,0). The ion leaves the field at Q and, since 
the magnetic force is no longer acting on the ion, follows a 
straight line, tangent to the circle (with radius r ) in Q. The ion 
hits the plate at point K. Its x-coordinate is n, whereas its 
y-coordinate is approximately given as: 
q Β z(2n-z) 
NK = - χ - χ (2.14) 
m ν 2 
indicating that an ion with a greater momentum will be less 
deflected than an ion with a smaller momentum. 
2.4.3 An ion beam moving in a magnetic field 
An infinitely narrow, nondivergent ion beam is delivered by a combi­
nation of an ion source and an electrostatic accelerator. The beam 
ions enter a uniform magnetic field, which has sharp boundaries and 
is perpendicular to the direction of motion: see fig.2.4. Within 
the magnetic field, the ion beam is dispersed into a number of dis­
crete beams, each beam following a circular pathway. Three differ­
ent situations are presented now to evaluate the factors influencing 
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the radius r of the circular pathway. This evaluation will clarify 
some current terms. 
Fig.2.4: An infinitely narrow, nondivergent ion beam, delivered by 
the combination of an ¡on source {!) and an electrostatic accelerator 
[A], enters a magnetic field. The accelerating voltage is hU. The 
composite beam ¡s split into discrete beams (Redrawn from Kerwln 
(McDowell, 1963), by courtesy of McGraw-Hill Book Co.). 
First case: The ions of the beam sent into the field have equal 
charge q = +le, but possess different momenta p. 
Eq.2.13 shows that, in a uniform magnetic field with a fixed mag-
netic induction B, an infinitely narrow beam of singly charged ions 
of various masses and velocities will be dispersed into a number of 
discrete beams following circular trajectories with radii propor-
tional to the momenta of the ions. Thus a discrete beam consists of 
ions with the same momentum. The magnetic field is said to act as a 
"momentum analyser" or "momentum spectrometer", or to give a "momen-
tum spectrum". If the ions have the same mass, they must have dif-
ferent velocities. The dispersion occurs according to their 
velocities and is termed "velocity dispersion". 
Second case: The beam ions have equal charge q = +le and equal 
energy, i.e. the beam is mono-energetic. 
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Eq.2.5 can be used to calculate the energy delivered to the ions by 
the accelerator, if the initial energy of the ions in the ion source 
is negligible. A mono-energetic beam consists of ions with the same 
energy or, in other words, every ion is accerelated by the same 
potential difference in the electrostatic accelerator. Combining 
eqs.2.5 and 2.11, and eliminating the velocity of the ions, the 
radius of a discrete beam is given as: 
1 
r = - •( 2mAU ) (2.15) 
ш 
В 
indicating that under the given circumstances r is proportional to 
/m. Thus the magnetic field acts as a pure "mass analyser", the ion 
beam is said to undergo "mass dispersion", and the momentum spectrum 
becomes a "mass spectrum". 
Third case: The ions have different charges, but equal energy. 
The same calculation as in the second case yields: 
1 m 
r
m
 = - • ( Σ - AU ) (2.16) 
В q 
indicating that the composite ion beam disperses into discrete ion 
beams, according to the mass-charge ratio of the constituting ions. 
Double-charged ions behave as single-charged ions of half the mass. 
Eq.2.16 is generally known as the "mass spectrometer equation", 
because it governs ion motion in magnetic field mass spectrometers 
(see section 3.7.3). 
EXAMPLE: Suppose a double-charged argon ion with a mass rounded off 
to 40 u is accelerated by a" potential difference of 3000 V, and 
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enters a magnetic field of 0.1 Tesla. The radius of the ion trajec­
tory is given as: 
1 40 
г = •( 2 χ — χ 3000 χ 10.364353χ1θ"9 ) = 0.35266 m 
m 
0.1 2 
The dispersing action of a magnetic field, which is to be used 
in a mass spectrometer, must achieve "effective separation" of ions 
with identical mass-charge ratios. The importance of this feature is 
stressed in the next section. 
2.4.4 Direction focusing 
2.4.4.1 Direction focusing in a uniform magnetic field 
The ideal model of fig.2.4 is troubled by the angular divergence of 
the ion beam which is always present in practice. Fig.2.5 shows how 
a slightly divergent mono-energetic ion beam is deflected by a given 
magnetic field. It should be understood that the divergent beam 
contains many of the ion beams as described in the foregoing sec­
tion. Fig.2.5 shows that ions of the same mass-charge ratio, but 
belonging to different "rays" of the divergent beam, don't focus 
properly. Thus, no "effective separation" is obtained since it is 
not feasible to measure the abundance of the individual ion species. 
It is possible, however, to design a magnetic field which effects 
at the same time mass dispersion and direction focusing, i.e. ions 
having the same mass-charge ratio, but belonging to different "rays" 
of a slightly divergent ion beam, are focused in one point (see 
fig.2.5). Direction focusing is required for effective separation of 
the ions in a mass spectrometer. In practice, magnetic field shapes 
only approximate this ideal focusing field and some amount of defo­
cus ing always exists at the point where the ions with the same 
mass-charge ratio should focus. For a mathematical treatment of the 
refocusing properties of magnetic fields, the interested reader is 
referred to textbooks (Barnard, 1953; Brunnee and Voshage, 1964). 
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Fig.2.5: Dispersion of a mono-energetic divergent ion beam in a 
nonfocusing (top) and in a focusing (bottom') magnetic field (sche­
matically). The beam is created at О and contains ions with three 
different mass-charge ratios (1, 2, and 3). No effective separation 
Is obtained in the nonfocusing field. In the focusing field, how­
ever, ions with identical m/q are focused in one point although they 
belong to different "rays" of the divergent beam. 
2.4.4.2 Direction focusing in a radial electrostatic f ield 
An e l e c t r o s t a t i c f i e l d i s created between two coaxial sector-shaped 
cyl indr ical e lectrodes, and i s supposed to have sharp boundaries. 
The distance d between the electrodes i s much smaller than their 
e 
mean radius a (d « a ) ( s e e f i g . 2 . 6 ) . The direct ion perpendicular 
to the plane of drawing i s not considered as motion in that direc­
t ion i s neglected. The f i e l d i s created in such a manner that the 
cyl indr ical surface with radius r = a i s the zero-potential surface 
(U
r
= 0) . 
Suppose a single Ion enters the f i e l d perpendicular to the f i e l d 
boundary at r = a . No energy i s l o s t as U i s zero at that surface. 
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Fig.2.6: Direction focusing and velocity dispersion In a radial 
electrostatic field. Ions of different rays of the ion beam are 
focused in F or F', according to their velocities. Ions with the 
higher velocity focus in F'. 
If this ion also has a velocity VQ (or possesses an energy), such 
that the electrostatic force equals the centripetal force, the ion 
describes a circular path along OPQF. 
If an ion beam enters the field instead of a single ion, three 
cases, relevant for further discussion, can be distinguished: 
First case: a mono-energetic beam with small angular divergence, 
composed of ions with identical mass-charge ratio. 
An ion, which has 0 as point of origin and enters the field at P' 
(with the same velocity ц), will lose kinetic energy since it is 
approaching the more positive electrode. This ion will move along 
OP'Q'F. The reverse is true for an ion entering the field below Ρ 
(r < a ). It can be proven that all ions starting at 0 are focused 
in one point F. Accordingly "direction focusing" is established. 
It can even be shown that ions with slightly different masses (but 
with the same energy) focus in the same point. Thus a radial 
electrostatic field has no mass dispersion properties. 
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Second case: a very narrow, nondivergent beam of ions with identi­
cal mass-charge ratio but heterogeneous in energy, enters the field 
normal to the field boundary at the central ray. 
The heterogeneity in energy means that the ions will enter the field 
at Ρ with different velocities. Ions with velocity ц will move 
along the circular path OPQF. Ions with other velocities will have a 
radial displacement when emerging from the field. The ion beam is 
said to have undergone "velocity dispersion". At the exit boundary, 
the nondivergent ion beam has turned into a divergent beam. 
Third case: a slightly divergent beam of ions with small differ­
ences in mass and heterogeneous in energy, will undergo direction 
focusing (as in the first case) and velocity dispersion (as in the 
second case) at the same time. The ions are "focused" on a line 
through F and F1. 
In conclusion, this field doesn't have any value with respect to 
mass dispersion. However, the combination with a magnetic field can 
lead to a very useful instrument: the double focusing mass spectro­
scope (see section 2.4.5.2 and 3.7.5). 
2.4.5 An ion beam moving in a combination field 
It is supposed that the ion beam is very narrow and that the fields 
are perpendicular to the direction of motion. 
2.4.5.1 Parallel and simultaneously acting fields 
A nondivergent ion beam, which contains ions moving with a velocity 
v, enters a combination of an electrostatic and magnetic field as 
shown in fig.2.7. The ions will be influenced at the same time by 
both fields. The deviation caused by each field has been calculated 
already for an electrostatic field strength E and a magnetic induc­
tion B. Suppose that the fields are influencing the ions over a dis­
tance z, and that the ions hit a photographic plate placed at a 
distance η from the point of ion entry. If the fields are inactive, 
26 
Fig.2.7: Behaviour of an ion beam in a combined electric and mag­
netic field, which are parallel and acting simultaneously. 
t h e ions h i t t h e p l a t e in p o i n t 0, which i s chosen as t h e o r i g i n of 
t h e xy-axes. The d e v i a t i o n caused by t h e e l e c t r o s t a t i c and magnetic 
f i e l d occurs in t h e y- and x - d i r e c t i o n , r e s p e c t i v e l y . 
Using eqs .2 .9 and 2.14, and denoting the d e v i a t i o n in t h e x- and 
y - d i r e c t i o n by x ' and y ' , r e s p e c t i v e l y , e l i m i n a t i o n of ν y i e l d s : 
m E 2 
y ' = χ ' 2 (2.17) 
2 q Β z(2n-z) 
Eq.2.17 is the equation of a parabola through the origin 0 and sym­
metrical to the y-axis. If a mixture of ions varying in mass-charge 
ratios and velocities is sent into the combination, a number of par­
abolas is created. Each parabola has its own characteristic m/q 
value, whereas each point on a parabola represents a specific veloc­
ity. Ions with the highest speed are located nearest to the ori­
gin 0. If there is a small velocity spread between ions, only a 
small segment of a parabola will be formed. The properties of this 
field arrangement were used by Thomson in his "parabola apparatus" 
described in section 3.7.1. 
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2.4.5.2 Consecutive magnetic and electrostatic field 
Velocity focusing: ions, entering a magnetic field with different 
velocities, undergo "velocity dispersion" (see the first case in 
section 2.4.3). The same holds for an electrostatic field (see the 
second case in section 2.4.4.2). If the consecutive action of an 
electrostatic and a magnetic field is used, it is possible to 
counterbalance exactly the velocity dispersion produced in the first 
field by that in the second field. This velocity focusing effect was 
first used in Aston's mass spectrograph illustrated in section 
3.7.2. 
Double focusing: a combination of an electric and magnetic field 
can also be applied to obtain direction and velocity focusing. 
Velocity focusing is produced as in Aston's mass spectrograph. 
Direction focusing is also attained by the combination, and mass 
dispersion is produced by the magnetic field. A double focusing 
instrument is shown in the section on the history of mass 
spectroscopes. 
2.4.6 A single positive ion moving in a quadrupole field 
The geometry and the electrical design of a quadrupole field, which 
is generated by four parallel rod-shaped electrodes, is illustrated 
in fig.2.8. The rods are arranged symmetrically along the z-axis of 
the x,y,2 Cartesian coordinates. The cross section of each rod is 
hyperbolic. Opposite rods are separated by a distance 2ro and are 
electrically connected. Adjacent rods are at opposite potentials ia 
and - i g. Therefore the z-axis is at zero potential. 
In the x-y plane, the potential is given as: 
*o 
i = (x2-y2) (2.18) 
2 
Eq.2.18 and fig.2.8 show that the equipotentials are rectangular 
hyperbolas with a four-fold symmetry about the z-axis. The field 
strengths in the three directions are (Paul and Raether, 1955): 
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2*. 
E = + 
χ 
(2.19) 
го 
2*0 
Е
У
 =
 -
(2.20) 
го 
E = О 
ζ 
(2.21) 
Eqs.2.19 and 2.20 show that the field strength in the quadrupole 
field depends linearly on the coordinates. An ion with charge q, 
which is shot with a certain velocity in the z-direction into the 
field, is subjected to the forces qE and qE . There is no force 
χ у 
acting upon the ion in the z-direction, since E = 0 . 
F i g . 2 . 8 : The four hyperbolic rods generating a quadrupole field 
are shown on the right. On the left, the equi potential lines are 
illustrated (After Dawson (1976), by courtesy of Elsevier Scientific 
Publishing Co. ) . 
Combining eqs.2.3, 2.19, 2.20, and 2.21 yields the equations of 
motion for the ion in the f ield: 
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q 2», 
χ" + χ = О (2.22) 
2 
m r0 
q 2#0 
y" y = 0 (2.23) 
2 
m r0 
z"m = 0 (2.24) 
where χ", y", and z" are the second time derivatives of the χ, y, 
and ζ coordinates, i.e. the accelerations in the x, y, and ζ direc­
tions. Eqs.2.22 and 2.23 describe the motion in the xz and yz planes 
respectively, whereas eq.2.24 indicates that there is a motion with 
constant velocity (no acceleration) in the z-direction. These equa­
tions also indicate that ion motion will be influenced by the time 
dependency of the potential iq applied to the electrodes. Three 
forms of time dependency of і
а
 are discussed, but only the form 
needed further in the study will be explored in more detail. 
Firstly, suppose $0 is a constant potential U. In the xz plane, 
the positive ion will be forced towards the z-axis with a force 
which is growing with increasing distance from the z-axis (see 
eq.2.19). The ion will acquire an oscillating but "stable" trajec­
tory between the x-electrodes. A "stable" trajectory is temporarily 
defined as a trajectory with an amplitude which remains finite as 
the distance along the z-axis approaches infinity. The amplitude of 
an "unstable" trajectory, however, increases without limit. In fact, 
in the yz plane, the positive ion is attracted towards one of the 
electrodes at the potential -U and will have an unstable trajectory. 
Eventually the ion will hit an electrode. 
Secondly, suppose i
n
 is a periodic function of time: V cos at, 
where V is the peak amplitude and u = 2іг , where ν is the f re-
HC 
quency of the periodic function. Since the potentials at the elec­
trodes are alternating in sign, the ion is alternately attracted to 
or repulsed by the same electrode. A complex trajectory results from 
this electrical arrangement. 
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Thirdly, suppose f0 is a combination of a direct and an alternat-
ing component, given as U+V cos wt, whereas V is larger than U. 
Thus ions are subject to the combined electrical forces as described 
in the first two cases, and ion trajectories will be very complex 
again. This is illustrated in fig.2.9. 
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Fig. 2 . 9 : /on trajectories projected on the χ ζ plane ( α ) , and on the 
yz plane ( b ) for an Ion with m/q = 44.0 [la. lb], and with m/q = 
43. β (2a, 2b) In a quad г и pole field with the same field conditions 
(/·( = 3 mm). The ion with m/q = 44.0 has a stable trajectory in 
both planes. The ion with m/q - 43.8 has an unstable trajectory in 
the xz piane. Trajectories were calculated by a program SIMQUA 
using the equations of Ion motion 2.25 and 2.26. 
Instead of a qua l i ta t ive descript ion, a quantitat ive discussion of 
ion t ra jector ies i s given. Substitution of U+V cos «t for і
й
 in the 
eqs.2.22 and 2.23 y ie lds the equations of ion motion through the 
quadrupole f i e l d : 
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q 2 
2 
χ" + ( U+V
a
 cos ut ) χ = 0 (2.25) 
£LC 
ш r0 
q 2 
2 
y" ( U+V cos ut ) y = 0 (2.26) 
Э. С 
ID Гц 
It is useful to define the following three dimensionless parameters 
(Paul, Reinhard and von Zahn, 1958): 
и t 
ζ = (2.27) 
2 
q 8 U 
А = (2.28) 
2 2 
m Гц ω 
Ч
 4
 ас 
Q = (2.29) 
2 2 
m Γη u 
By means of these three parameters, eqs.2.25 and 2.26 can be trans­
formed into differential equations equivalent to the Mathieu equa­
tions, the solutions of which are known. These solutions yield the 
trajectories as shown in fig.2.9. The Mathieu equations have two 
types of solutions, for a stable or an unstable ion trajectory. Thus 
a quadrupole field can be used for ion selection, since only ions 
with stable trajectories pass through the quadrupole field. The type 
of solution only depends on the value of A and Q. Further mathemati­
cal analysis, helpful in the description of the quadrupole field as 
an ion selector, will be given in section 3.4. 
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CHAPTER 3 
OPERATION OF A MASS SPECTROMETER 
The operation of an effectively functioning mass spectrometer is 
based on a systematic application of the theoretical background 
described in the foregoing chapter. This chapter reviews the four 
principal components that can be recognized in any mass spectrometer 
(fig.3.1), some of its performance characteristics, and the main 
types of the instrument. Attention will be focused upon the quadru-
pole mass analyser. 
3.1 INTRODUCTION 
inlet 
system 
ion beam 
source 
ion separator" 
system 
detection 
system 
^ 
L 
I high vacuum 1 
Fig.3.1: The four components of a mass spectrometer: vacuum and 
¡níet system, ¡on beam source, ¡on separator system, and detection 
system. 
A sample is taken from the gas mixture, which has to be analysed, 
via a sample or inlet system. The sample is introduced in the ion 
source, where the neutral gas molecules are ionized and possibly 
fragmented. The ions are accelerated, focused into an ion beam, and 
shot into the ion separator (or "mass analyser") system, where ions 
are separated according to their mass-charge ratio. Finally, the 
ions with identical mass-charge ratio are detected by an electrical 
33 
measuring system as "mass peaks" which form the "mass spectrum" of 
the gas or gas mixture. 
The processes of ionization, ion acceleration, separation and 
detection take place in high vacuum, in order to keep the chance of 
ion collisions minimal (see fig.3.1). 
3.2 VACUUM AND INLET SYSTEM 
On one hand, the reliable operation of a mass spectrometer requires 
a vacuum level of about 1 mPa for reasons to be given below; on the 
other hand, a respiratory mass spectrometer must draw off its gas 
sample at atmospheric pressure, roughly 100 kPa. Thus, besides a 
high vacuum system to produce the vacuum level for normal opera-
tion, an inlet system is needed to suck off continuously a gas sam-
ple, to transport it to the ionizer system and to reduce at the same 
time the sample pressure by eight decades. The combination of the 
high vacuum system and the inlet system will be termed the gas han-
dling system of the mass spectrometer. 
A high vacuum level, i.e. 10 to 0.1 mPa, is required to guarantee 
the proportionality between the partial pressure of a gas and its 
ion current, since ion scattering and space charges are virtually 
eliminated at low pressures (see section 3.3). The pressure of about 
1 mPa also keeps the partial pressures of gases remaining in the 
ionizing, analysing and detection system to a minimum, i.e. the 
"background spectrum" is kept minimal (Muysers and Smidt, 1969). 
Firstly, the requirements to be met by the gas handling system 
will be given, secondly the gas handling system generally used in 
respiratory mass spectrometers will be described, and lastly, it 
will be verified how the described system satisfies the require-
ments . 
3.2.1 Requirements 
The following primary requirements are to be fulfilled by the gas 
handling system of a respiratory mass spectrometer: 
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1. a constant operating pressure of 0.1 to 1 mPa in the analysing 
section, 
2. continuous sampling at atmospheric pressure, 
3. constant partial pressure ratios during gas transport, 
4. a linear relationship between the ion beam intensity of one 
component and its partial gas pressure, regardless of molecu-
lar weight and viscosity, 
5. no "interference" between sample components, i.e. the measure-
ment of one component should not be influenced by the presence 
of another component in a gas mixture. 
Other requirements are: 
1. a relatively high gas pressure within the stream of free elec-
trons in order to have a high ion current (see section 3.3), 
2. "fast" transmission of a change in gas composition at the sam-
ple point, 
3. air cooling of the vacuum pumps and oil traps (baffles). The 
use of water, compressed air, liquid nitrogen or dry ice 
should be avoided. 
3.2.2 Description of the gas handling system 
A gas handling system, meeting most of these requirements, is shown 
schematically in fig.3.2. After an overview of the gas handling sys-
tem, its components will be treated individually. 
The inlet system: a gas sample is drawn in continuously at 
atmospheric pressure (pi) through a flexible capillary tube by means 
of a rotatory pump (sample transport pump). The pressure drop 
(Pi •* Pz) along the capillary is the first pressure reduction 
between the atmosphere and the high vacuum. The design of the 
components, i.e. pumping speed and tube geometry, ensures a viscous 
gas flow between the sampling point and the mouth of the pump. 
At an intermediate point of the inlet system, i.e. at the sample 
chamber, the gas sample is at an intermediate pressure p2 (about 1 
to 3 kPa). The pressure gap between sample chamber and ionization 
chamber (p^  = 1 mPa) is bridged by a "leak" (molecular leak or 
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Fig.3.2: Diagram of the gas handling system of a respiratory mass 
spectrometer: inlet system (/) and high vacuum system [HV). The 
other components shown are: flexible inlet capillary [1), sample 
chamber [2), rotatory pumps [3,6), Ionization chamber (4), vapour 
stream pump (5), molecular leak (7), analyser system (8), and 
electrical measuring system (9). The pressures are: Pi = atmos-
pheric pressure, and p 2 to p 6 = pressures at the various points. 
porous leak), where molecular flow conditions prevail. The gas 
molecules are introduced as a molecular beam into the ionizing 
region. Most of the sample, however, is removed by the rotatory pump 
and discarded to the atmosphere. 
The high vacuum system: the pumping speed of a high vacuum pump 
(vapour stream pump or another) and the conductances within the 
system are arranged to achieve the required pressure of about 1 to 
0.1 mPa. The mean free path of ions at this kind of pressure 
guarantees molecular flow conditions where the probability of 
intermolecular collisions is low. 
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3.2.2.1 The inlet system 
7 
1 4 Í 
5 
Fig.3.3: The inlet system: respiratory gas mixture (1), Inlet capil-
lary (2), sample chamber (.3), molecular leak (Q), high vacuum sys-
tem (5), connecting tube (6), sample transport pump (7). 
Fig.3.3 illustrates that part of the inlet system consists of a pump 
(7), a connecting tube (6) and a chamber (3), which is supposed to 
be evacuated until a constant pressure of about 1 to 3 kPa is 
reached. However, the chamber has two "leaks". One "leak" is func-
tioning as a gas source, i.e. the inlet capillary (2), the other 
"leak" acts as a gas sink, i.e. the molecular leak (4) to the high 
vacuum system (5). After a period of pumping, an equilibrium situ-
ation is reached and a constant sample chamber pressure is estab-
lished, which is determined by the ratio of the sample flow and the 
effective pumping speed (neglecting the very small leak to the high 
vacuum system). This is illustrated in fig.3.4. The constant sample 
chamber pressure guarantees a constant gas flow into the high vacuum 
system which is one of the conditions for a stable overall sensitiv-
ity of the instrument. 
The sample is drawn in by a mechanical pump (rotatory oil sealed 
pump). This pump conveys gases by one or more stages of compres-
sion. Each stage consists of a rotor turning excentrically in a sta-
tor or cylinder. During operation, gas tightness between rotor and 
cylinder wall is ensured by oil sealing, and e.g. by spring loaded 
vanes (blades) in the rotor. A typical sample gas flow through the 
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Fig.3.4: Pressure of the sample chamber as a function of time. At 
curve 0 the sample flow is zero; curves 1 to 3 illustrate the influ-
ence of increasing sample flows. 
inlet capillary of a respiratory mass spectrometer is 
40 liter.Pa.s" , i.e. a sample flow of about 24 ml.min at atmos-
pheric pressure (Buckingham and Dennis, 1975). 
It was already mentioned that the design of the inlet system 
should ensure viscous flow throughout the system. This requirement 
must be fulfilled for sample gas mixtures with viscosities varying 
within a wide range, if inert tracer gas (e.g. argon) is to be used 
in the course of respiratory investigations. If this requirement is 
not met, the change in gas viscosity will result in a change in gas 
flow into the high vacuum system. Changing the flow into the ion 
source will lead to faulty measurement (Fowler, 1969). 
3.2.2.2 The molecular leak 
The leak between sample chamber and ionization chamber on one hand 
separates, on the other hand bridges the viscous flow and the molec-
ular flow regime. In order to minimize gas flow in the transition 
regime, the pressure has to drop as abruptly as possible over the 
leak. If the flow through the leak is essentially molecular, it is 
called "molecular leak". 
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A molecular leak can be made of an orifice in a thin diaphragm 
(e.g. a gold blade), or can consist of a porous material. The mean 
free path of the gas molecules has to exceed largely the dimensions 
of the leak. This requirement leads for a thin diaphragm to a rather 
low pressure in the sample chamber, resulting in viscosity effects 
as described earlier. The use of a sintered porous leak, which con-
sists of compressed carbide granules, makes an upstream pressure of 
1 to 3 kPa possible, since the pore size is very small. Only a 
-3 -1 
small part (4x10 liter.Pa.s ) of the total throughput of the 
inlet system (40 liter.Pa.s ) passes through the leak (Buckingham 
and Dennis, 1975). 
3.2.2.3 High vacuum system 
Firstly, the high vacuum system should produce a stable vacuum level 
of 1 to 0.1 mPa; secondly, the system should ensure a wash out of 
the ionization chamber (and molecular leak) with a small time con-
stant after a change of incoming gas. A fast clearance of the ioni-
zation chamber after a change of incoming gas is ensured by a small 
ratio of the volume of the ionization chamber and the effective 
pumping speed at working pressure (Fowler, 1969). 
The high vacuum is produced by a series combination of a high 
vacuum pump and a fore-vacuum pump, the latter being of the same 
type as a sample transport pump. Several types of high vacuum pumps 
exist, but "vapour stream" pumps are very widely used. These pumps 
entrain and transport gases by momentum transfer. In the past, the 
diffusion of the gas into the pump vapour has been thought to be the 
most important step in pump operation. Accordingly, these pumps 
were and are usually called "diffusion pumps". 
A vapour stream pump consists of a cylinder, closed at its base 
(see fig.3.5). The area facing the bottom forms the inlet side and 
is connected with the system to be evacuated. The outlet is at the 
side of the lower portion of the cylinder. A heater is fitted in the 
pump bottom, while the pump body is cooled with air or a coolant. 
The vapour stream, created by heating a liquid (mostly silicone oil) 
in the bottom, rises in a chimney situated within the pump body. 
Vapour molecules emerge from the chimney by one or more annular jet 
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"nozzles", which are designed to form high velocity vapour streams 
in the direction of the cylinder wall and bottom. According to the 
number of nozzles, the pump is of the single- or multi-stage type. 
The vapour condenses at the cooled cylinder wall, drains to the bot­
tom and is revaporized. The pumping mechanism originates from the 
gas-vapour interactions. At the inlet side, gas molecules are 
entrained by the vapour stream and are given a momentum in the out­
let direction during gas-vapour intermolecular collisions. The down­
ward motion of the gas molecules crowds them together, resulting in 
a compression at a pressure sufficient for normal operation of the 
fore-vacuum pump. 
Fig.3.5: Cross section of a single-stage vapour stream pump: 
boiling pump liquid [a], vapour chimney [b], nozzle (c), vapour 
stream (.d), inlet {e), backing space if), heater [g), backing pump 
flange (Λ). 
Provisions must be made to prevent backstreaming of vaporized 
pump fluid into the vacuum system, e.g. by insertion of a cooled 
baffle. Vapour hitting this baffle returns to the pump as a liquid 
after condensation. 
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3.2.3 Fulfillment of the requirements 
It is concluded from the foregoing that most of the requirements, 
given in section 3.2.1, can be met by the described gas handling 
system. However, the fulfillment of some requirements needs some 
further discussion. 
Constant partial pressure ratios during gas transport (require­
ment 3) are guaranteed in the inlet system as long as viscous flow 
exists, since transport phenomena in this regime are mass indepen­
dent. Gross variation in sample viscosity already has been cited as 
a problem. Gross variation in inlet system resistance, e.g. by par­
ticle deposition, is a similar problem. Another problem is created 
by the sampling of mixtures containing condensable vapours, e.g. 
water vapour, and will be discussed in chapter 4. 
Constant partial pressure ratios in the ionization chamber can be 
checked as follows. A gas enters and leaves the ionization chamber 
in the molecular flow regime. So, mass discrimination effects cancel 
each other (Brunnee and Voshage, Ί964): mathematical proof, by cal­
culating the relationship between the sample chamber pressure pj and 
the ionization chamber pressure p4 was provided by Honig (1945). It 
follows to a good approximation: 
G. 
ι 
P4 = Ρ2 — (3.1) 
G 
о 
where G, and G represent the conductances of the molecular leak and i о 
the ionization chamber exit hole, respectively. Since G. and G are 
mass dependent in the same way, their ratio is not. Thus, ionization 
chamber gas pressure is mass independent. Since this condition holds 
for every gas species in a mixture, no interference between sample 
components may be expected (requirement 5). 
The proportionality of ion beam intensities to the partial gas 
pressures of the sample components is treated in the next section on 
the ion beam source. 
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3.3 IONIZATION AND ION BEAM FORMATION 
Neutral sample molecules have to be ionized (in an "ion source") 
before they can be accelerated or separated by electric or magnetic 
fields. Once created, the ions are instantaneously drawn out from 
the ion source, accelerated by an electrostatic accelerator, and 
focused into an ion beam. Therefore these processes are treated in 
the same section. In respiratory mass spectrometry, positive ions 
created in an electron impact source are used. 
An ideal ion source should have following basic features: 
1. the delivered ion beam is mono-energetic, 
2. the delivered ion beam has an intensity sufficient for the 
detection system in use, 
3. the ion beam intensity is linearly related to partial sample 
gas pressure, 
4. the ion beam is stable, 
5. the ion beam shows no divergence, 
6. there is no production of background ions, 
7. no memory effects are present between successive samples. 
These features and some important points for their realization will 
be discussed in section 3.3.2. 
3.3.1 Construction and operation of an electron impact source 
The neutral sample molecules are ionized by collision with electrons 
(see section 2.2). This type of ion source has following components: 
• a source of electrons with sufficient energy (electron beam 
source), 
• an ionization chamber, 
• an ion accelerator and focusing system. 
These three components as a whole may be better called "ion beam 
source" instead of "ion source". Its construction and operation are 
shown schematically in fig.3.6. The components are described in the 
same order as listed above. 
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Fig.3.6: Schematic view in two cross sections of an ¡on beam 
source: electron beam source [EBS), ionization chamber (/C), ion 
accelerator and focusing system (IAF), of which the equi potentials 
are shown [After Brunnee and Voshage {1964), by courtesy of 
Verlag К. Thiemig КС). 
1. The electrons are emitted by a heated filament and are 
accelerated by a potential difference between the filament and 
another electrode. The filament can be called "cathode" and the 
electrons are said to be "energized". Energized electrons pass 
through the ionization chamber, i.e. the space where the ionization 
process takes place, and are collected by a trap, which is at a 
slightly higher potential than the ionization chamber in order to 
trap secondary electrons. 
2. Continuous pumping sucks the sample gas through the ionization 
chamber where a total gas pressure of 10 mPa to 100 uPa is reached. 
On their way to the analyser system, neutral sample molecules are 
bombarded by the energized electrons which traverse the ionization 
chamber perpendicular to the path of the sample molecules. The 
dimensions of the chamber determine the effective electron path 
lenght, i.e. that part of the electron path available for interac­
tion with neutral molecules. 
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3. Part of the ions actually created is extracted from the 
ionization chamber, accelerated, and focused into an ion beam by a 
set of plates (see fig.3.6). The ionization chamber is at the high­
est (e.g. 2000 V), the draw-out plate at a slightly lower potential 
(e.g. 1995 V), providing an extraction potential of a few volt. 
After extraction, the ions are accelerated by an "electrostatic 
accelerator" (described in section 2.4.1.1). 
The current of a particular ion, emerging from the ion source, 
can be expressed as (Brunnee and Voshage, 1964): 
I. = 1 x p x l x s x K (3.2) 
i e rg e ' 
where I. = current of a particular ion emerging from the ion source 
I = electron current 
e 
ρ = partial gas pressure in the ionization chamber 
1 = effective electron path length 
s = differential ionization 
К = extraction coefficient 
e 
The differential ionization s is a function of electron energy, and 
is defined as: the number of ions, created by one electron with a 
given energy, travelling one metre through a gas at one Pascal. The 
extraction coefficient К is the fraction of ions drawn out from the 
e 
source. 
3.3.2 Ion beam source features 
The basic features of an ideal ion beam source are now dealt with in 
the same order as listed above. 
1. The energy homogeneity of the ion beam depends on electron 
beam divergence, and on the potential gradient in the ionization 
chamber (see f ig. 3.6). In other words, AU in eq.2.5 will be equal 
for all ions if they are created in the same equipotential plane. On 
the contrary, if the ions are created along different equipoten-
tials, their energies will differ accordingly. A weak magnetic field 
may be used to restrict the electron beam dimensions. 
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2. The ion beam intensity can be varied by adjusting the 
parameters in eq.3.2. These parameters may be briefly considered 
under five headings. (1) The electron current I should be limited 
(about 100 μΑ) because higher electron currents build up space 
charges, disturbing electric and/or magnetic fields. (2) Ionization 
chamber pressure ρ should not exceed 10 mPa for three reasons. 
ε 
Firstly, a high vacuum is needed in the analyser part of the mass 
spectrometer. Secondly, too many ions exert positive ion charge 
effects on the electron beam, and thirdly a higher ρ increases the 
probability for reactions between ions and neutral sample molecules. 
(3) Enlarging the effective electron path length will increase the 
clearance time of the ionization chamber, as well as the ion beam 
divergence. (4) Electron energy can be varied to optimize differen­
tial ionization. Ionization only starts at a certain electron energy 
level. The potential difference needed to attain this level is 
called "appearance potential", because ions will "appear" as mass 
peaks in the mass spectrum from that potential difference on. 
Differential ionization reaches a maximum for a certain electron 
energy level (about 70 eV for most molecules). (5) The extraction 
coefficient К depends on the size of the exit aperture, and the 
extracting potential difference. 
3. A linear relationship between the ion current of a particular 
gas and its partial gas pressure is expressed by eq.3.2. However, 
linearity is lost with high ion currents by the production of space 
and surface charges, disturbing extraction and acceleration poten­
tials. The extraction potential should therefore be chosen in a 
range, where small potential variations minimally affect the ion 
current (Brunnee and Voshage, 1964). 
4. If all (instrumental and external) factors remain constant, 
not only the ion current should be stationary, but also the relative 
occurrence of the different species in the beam. 
4a. Ion current stability can only be achieved by time stability 
of all factors in eq.3.2. 
4b. Ion beam composition is influenced by electron energy. 
Varying electron energy results in varying relative occurrence of 
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single- and multiple-charged ions, and of ionized fragments of 
polyatomic molecules. In other words, stable electron energy is 
needed for a stable mass spectrum, which is the basis for accurate 
quantitative measurements. Ion beam composition and the resulting 
mass spectrum further depends on the temperature in the ionization 
chamber. Temperature should be constant. 
5. A divergent ion beam not only lowers resolving power (see sec-
tion 3.6), but also reduces ion beam intensity. The double focusing 
principle offers solutions for this problem. 
6. Production of background ions can be kept to a minimum by pro-
viding a high ratio of sample gases to residual gases. The surface 
of all materials used in the construction of the ion source, should 
be free of all contamination which could augment the background 
spectrum. 
7. Memory effects depend on gas species: e.g. C02 adheres to metal 
surfaces (Hunter, Stacy, and Hitchcock, 1949). 
3.4 ION SEPARATION: THE QUADRUPOLE MASS FILTER 
Mass spectroscopes can be classified according to the type of ion 
separator system in use. The main types of mass spectroscopes will 
not be reviewed in this section, but in a recall of history in sec-
tion 3.7, for two reasons. On one hand, the physical background 
behind their mode of operation already has been discussed and will 
be illustrated with historically important instruments. On the other 
hand, attention will now be focused upon the type of mass spectrome-
ter used in this study, i.e. the quadrupole mass spectrometer. This 
type of instrument was introduced by Paul and Steinwedel (1953), who 
described their device as "Ein neues Massenspektrometer ohne 
Magnetfeld". 
Operation of a real quadrupole depends on generating a stable 
trajectory for ions with a given mass-charge ratio. Ions with a sta-
ble trajectory emerge from the field and can be detected, while ions 
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with unstable trajectories collide with a rod, discharge, and are 
lost for detection. In that way, ions with a given mass-charge ratio 
can be filtered out, and the quadrupole field is said to act as a 
"mass filter" (see fig.3.7). 
ion detection 
accelerator Φ 
Fig.3.7: Operating principle of the quadrupole mass filter: С0
г 
has a stable trajectory and is detected, whereas О
г
 collides with a 
rod and is lost for detection. Ion motion is illustrated in only one 
plane. 
The nature of ion motion, stable or unstable, depends on the 
types of solution of the Mathieu equations, which in their turn 
depend only on the values of A and Q (defined in eqs.2.28 and 2.29). 
Thus, discussion of the possible values of A and Q will show the 
requirements for stable trajectories. Values of A and Q can be plot­
ted in a "stability diagram", which was transformed into a very use­
ful form for a quadrupole mass filter by Paul et al. (1958). Paul's 
diagram is given in fig.3.8 and shows a field with three boundaries 
determined by the solutions of the Mathieu equations. Points lying 
within this field give stable solutions; points lying outside this 
field give unstable solutions. 
The A and Q coordinates for different ions can be calculated from 
eqs.2.28 and 2.29. The coordinates determine the "working points" 
for the ions. Eqs.2.28 and 2.29 show that working points depend on 
one hand on the mass-charge ratio of the ion, and on the other on 
the field conditions: r0 , U, V , ω. If the field conditions are 
ac 
kept identical, ions with the same m/q have the same working points. 
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F i g . 3 . 8 : Paul's stability diagram. The stability region is shaded. 
Two scan lines are shown: (lì defining a certain mass interval 
between Q i and Qz; Í 2 ) going through the apex. 
Under these circumstances, working points of ions with different m/q 
l i e on a s t raight l ine (through the origin) with the following equa-
t ion: 
V A - 2UQ = 0 ac (3 .3 ) 
Eq.3.3 is found by dividing eq.2.28 by eq.2.29, and does not depend 
on m/q. In other words, all points on the line are working points of 
ions with different mass-charge ratio. The slope of the straight 
line has the value 2U/V . Since only ions with working points 
within the stability region have stable trajectories, a stable mass 
interval is created between Qi and Q2, which are the intersecting 
points of the straight line and the stability region boundaries (see 
fig.3.8). The stable mass interval can be minimised by adjusting the 
2U/V ratio, i.e. the slope. This property leads to the expression 
"scan line". 
If the scan line passes through the stability region, just below 
its apex, only ions with identical mass-charge ratio will have sta-
ble trajectories. Thus the mass filter properties of the quadrupole 
field can be adjusted until only ions with the same mass-charge 
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ratio traverse the field. The mass of singly charged positive ions, 
emerging from the mass filter, can be determined as follows. 
The apex of the stability region has the coordinates A = 0.23699 
and Q = 0.70600 (Paul, Reinhard and von Zahn, 1958). The scan line 
slope, which can be calculated from eq.3.3, is 0.336. Accordingly, 
the ratio U/V equals 0.168. The mass m (in u) of the singly 
charged positive ion emerging from the mass filter is found by sub­
stituting Q and ω by 0.70600 and 2irv, respectively, in eq.2.29. 
This leads to: 
V
ac 
m = 13.85ХІ06 (3.4) 
2 2 
ν r
e 
indicating that the mass of the ions emerging from the field can be 
changed by varying V , i.e. mass scanning is realized. For 
HC 
instance, if V„ = 164.7 V, ν = 2.4 MHz, and Гц = 3 ram, then m = 
3.0· 
44.003 = 44 u. 
The U/V ratio, however, has to be kept constant at 0.168 to 
keep the scan line going through the stability region apex. Thus, U 
has to vary too. The potential amplitudes U and V can be varied 
ac 
up to about 100 times per second, resulting in a quasi-continuous 
scanning of several m/q values (see also the section 3.5.2.2 on 
"selected ion monitoring mode"). 
The discussion above reveals one of the attractive features of 
the quadrupole, i.e. variable resolving power. Adjustment of the 
U/V ratio changes the scan line slope and controls the mass number 
HC 
pass band. If the pass band is wide, adjacent mass numbers are sta­
ble, and resolving power is poor. Maximal resolving power is reached 
as the scan line approaches the apex (a definition of "resolving 
power" is given in section 3.6). 
Illustrations of typical ion trajectories were given in fig.2.9. 
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3.5 ION DETECTION SYSTEM 
3.5.1 Measuring system 
Mass spectrometers have an electrical measuring system to detect the 
ion beams emerging from the ion separator system. The ions hit a 
collector (a plate or a Faraday cup), and discharge via a resistor 
to earth. The potential difference created over the resistor is 
measured by an electronic amplifier. An electron multiplier (E.M.) 
is often used in respiratory mass spectrometry as a tool to amplify 
the initial current. The E.M. creates a current gain in the range 
of O.lxlO6 to lOxlO6. 
3.5.2 Recording modes 
The detected ion currents can be recorded in two ways, which yield 
the two operating modes of a respiratory mass spectrometer. 
3.5.2.1 Spectrum mode 
Suppose a gas or gas mixture is sampled by a quadrupole mass spec-
trometer, while the ac voltage is linearly altered from its minimum 
to its maximum value. This linearly increasing voltage is called 
ramp voltage. According to the voltage setting, ions with a certain 
mass-charge ratio are detected. The relative abundances of the vari-
ous ions are obtained when the output current is recorded as a func-
tion of the ramp voltage. This result forms the "mass spectrum", 
which is defined as the pattern of ion beam intensities against m/q 
values for a specific sample. An actual mass spectrum of N¿0 is 
shown in fig.3.9. 
3.5.2.2 Selected ion monitoring mode 
Instead of using a ramp voltage, a number of voltage steps may be 
applied to the quadrupole rods. At each step, only the current of 
ions with a specific m/q value is measured. A sequence of eight 
voltage steps creates a series of eight output signals, each being 
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Fig.3.9: Mass spectrum of N¿0 [from a cylinder for anaesthetic 
purposes) obtained with the quadrupole mass spectrometer Centronic 
200 MCA (Redrawn from original recording). 
proportional to one of the selected ion species. If the voltage 
series is applied at a high frequency, e.g. 50 Hz, a virtually con-
tinuous measurement of eight ions is realized. 
3.6 MASS SPECTROMETER PERFORMANCE 
The mass range is the range of m/q values of the ions which can be 
detected by a mass spectrometer. This range depends upon the mass 
spectrometer design. Instruments can be built with a relatively 
small mass range, e.g. 2 to 50 u, or with a relatively wide range, 
e.g. 2 to 1000 u. 
Resolving power: no universally accepted definition for resolv-
ing power is found in the literature. A possible definition may be 
given as follows. The width of an arbitrary peak in the mass spec-
trum is measured at 5% of the total peak height. If the m/q value of 
the arbitrary peak is M, and the measured peak width is ΔΜ, then the 
resolving power is given as: R = Μ/ΔΜ, where R is dimensionless. 
Since more ions are lost in a stronger resolving mass analyser, any 
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improvement in resolving power will reduce the sensitivity of the 
instrument. 
3.7 HISTORY AND TYPES OF MASS SPECTROSCOPES 
In the previous sections, attention was focused upon the quadrupole 
mass analyser. With history as a guide, other important types of 
mass spectroscopes will be dealt with. No detailed description of 
the instruments will be given, since the discussion of the physico-
chemical principles behind mass spectroscopy is felt to be suffi-
cient to understand the operation of the described mass 
spectroscopes. Additional information can be found in text books 
(Brunnee and Voshage, 1964; McDowell, 1963; Blauth, 1965). 
3.7.1 The parabola apparatus 
Fig.3.10: Thomson's parabola apparatus. The high voltage [Ml] 
discharge tube Is shown at the left .[After Farmer [McDowell, 1963], 
by courtesy of McGraw-Hill Book Company). 
Thomson's apparatus is shown in fig.3.10. The gas under study was 
introduced into a low pressure, high voltage discharge tube, where 
the molecules were ionized and accelerated. The ion beam, strongly 
collimated by its passage through the channel in the cathode, was 
subjected to the simultaneous action of a magnetic and an electric 
field. A fluorescent screen or a photographic plate placed at a dis-
tance from the field acted as a detector. The behaviour of the ions 
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in the fields was already discussed. The parabola apparatus led to 
the discovery in 1912 of two neon isotopes. 
3.7.2 Aston's mass spectrograph 
photographic 
plate ^ ^ 
1
 «"^η^^φ-ζΐζ&ϊ^] 
electric field ' _ 
I B / 
\ /magnetic field 
Fig.3.11: Diagram of Aston's first mass spectrograph. The electric 
field disperses the ions of the collimated initial beam according to 
their velocities, but independent of their m/q values. The magnetic 
field reverses this dispersion [velocity focusing), and at the same 
time separates Ions according to their m/q values. 
A new type of positive ray apparatus was developed by Aston, and was 
called "mass spectrograph". The first was built in 1919, and two 
improved versions appeared in 1925 and 1937. Ions, generated in a 
discharge tube, were sent into a combination of a uniform electric 
field and a circular uniform magnetic field (fig.3.11). This design 
offered velocity focusing, whereas direction focusing was less 
required since angular divergence of the ions was minimized by 
strong collimation. Aston discovered that most of the elements had 
isotopes, and was able to calculate their abundances. 
I 
ions 
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3.7.3 Magnetic field mass spectrometers 
Fig.3.12: Diagram of a Dempster-type mass spectrometer. An ion 
beam enters the magnetic field through a slit, and is resolved into 
three discrete beams. One discrete beam, containing ions with iden-
tical m/q values, reaches the collector via a second slit. 
Whereas Aston introduced the velocity focusing principle, Dempster 
in 1918 described the first mass spectrometer with direction focus-
ing properties (fig.3.12). The unresolved ion beam, emerging via a 
slit from the ion beam source, is dispersed by a 180 degree uniform 
magnetic field. Ions of the discrete beams reach the collector via a 
second slit, and are detected by an electrical measuring system. 
The working principle is based on the "mass spectrometer equation" 
(eq.2.16). In this type of mass spectrometer, ions with different 
m/q values are focused on the collector, by varying the accelerating 
voltage or the magnetic field strength. Alternatively, different 
collectors are mounted in one instrument for simultaneous measure-
ment of ions with different m/q values. 
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3.7.4 Dynamic mass spectrometers 
The quadrupole mass analyser, described in chapter 2 and this chap­
ter, is only one example of a new generation of mass spectometers, 
i.e. the 'dynamic mass spectrometers". The interested reader is 
referred to the book of Blauth (1965). 
3.7.5 Double focusing mass spectroscopes 
Fig.3.13: Dempster's double focusing mass spectrograph. The tra­
jectories of ions with a given m/q value are shown (From Torniiη, 
1966, by courtesy of Blackie <$ Son Limited). 
Several methods improving mass resolving power have been used to 
compensate for the energy inhomogeneity and angular divergence of an 
ion beam produced in a real ion beam source. Aston's instrument used 
velocity focusing, but relied on strong collimation so that the dis­
crete beam intensities were very small. So measurement of ion cur­
rents was impossible, and the discrete beams had to be recorded on a 
photographic plate, which could be exposed to the ion bombardment 
during a prolonged period. 
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The double focusing principle, known since 1929, offers high 
resolution on one hand, and high beam intensities on the other. A 
design due to Dempster (1935) will illustrate this principle. 
Fig.3.13 shows that a slightly divergent beam, containing ions of a 
given m/q value but with two different velocities, is focused in F 
and F' (compare with fig.2.6). At these points, the ion beams enter 
a 180 degree magnetic field. Its field strength yields a common 
focus F" for all ions of the given m/q value after deflection. 
Dempster's instrument yielded double focusing for one m/q ratio 
only. Later versions of double focusing mass spectrographs, e.g. the 
Mattauch-Herzog instrument, offered double focusing at all m/q val-
ues. These high-resolution mass spectrographs are needed, for 
instance, in the precision determination of atomic masses. 
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CHAPTER 4 
RESPIRATORY MASS SPECTROMETRY AND ANAESTHESIA 
This chapter reviews two types of problems encountered during the 
analysis of anaesthetic gas mixtures with a respiratory mass spec­
trometer. Possible solutions are discussed. 
4.1 OUTPUT SIGNAL STABILITY 
in respiratory physiology the composition of a gas mixture is given 
in terms of fractional concentrations of its components, referred to 
a dry gas mixture. The sum of the fractional gas concentrations 
equals unity by definition. Accordingly, gas analysers should pref­
erably provide an output of fractional dry gas concentrations. In 
the case of a mass spectrometer, this is possible if a number of 
relationships has constant conversion factors. The chain of neces­
sary conversions is illustrated in fig.4.1. These conversion fac­
tors may show not only long-term variations, i.e. in the order of 
minutes to hours, but also short-term variations, i.e. in the order 
of milliseconds to seconds. These variations generate output signal 
instability. The conversion factors and their possible variations 
are discussed further. 
The conversion factor Κχ between partial gas pressures at the 
sample site and partial gas pressures in the ionization chamber, is 
formed by the conductances of inlet capillary and molecular leak. 
These conductances may vary as a function of time by the deposition 
of particles (water droplets, dust, soda lime). The conversion fac­
tor Kj depends on various factors (given in eq.3.2) which can be 
unstable in relation to time. This was treated in the section on ion 
beam source features in chapter 3. Factor K3 may vary as the gain 
may change in the ion detection and electron multiplying system in 
the course of time. Variations in these first three conversion fac­
tors result in long-term instability. 
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F i g . 4 . 1 : The chain of conversion factors (K.) in respiratory mass 
spectrometry. The partial pressures of the sample gases are pro­
portionally reduced to lower pressures in the ionization chamber. 
An ion current proportional to each partial gas pressure is gener­
ated and detected [E.M. = electron multiplier). The output signal, 
which Is directly proportional to the partial sample gas pressure. Is 
converted to a fractional dry gas concentration under the conditions 
given in the text. 
The measured ion c u r r e n t s are converted v ia conversion fac tor K4 
t o p a r t i a l p r e s s u r e s , which form the normal output of a r e s p i r a t o r y 
mass spectrometer . The fac tor K4 determines the d e f l e c t i o n on the 
recorder and i s adjusted during the c a l i b r a t i o n of the ins t rument . 
The p a r t i a l pressures measured by t h e mass spectrometer are 
r e l a t e d t o t h e f r a c t i o n a l dry gas c o n c e n t r a t i o n s by the r e l a t i o n ­
s h i p : 
F J = ( 4 . 1 ) 
p B" p HpO 
where F. and p. are the fractional dry gas concentration and the 
partial gas pressure of any component in a gas mixture; p„ and p„ » 
are the total gas pressure and the water vapour pressure of the mix­
ture, respectively. The conversion of p. into F., via the conversion 
factor 1/(PTJ"PU Q ) J is only possible if p B and p H n are known. If p_ 
and p H n are changing in an unknown way during the respiratory 
cycle, exact breath-by-breath gas analysis in terms of fractional 
concentrations is impossible. These variations of p R and p H _ are 
present during anaesthesia and are of the short-term type. Total gas 
pressure varies at the sample point by the use of controlled venti-
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lation. Water vapour pressure not only fluctuates during the 
respiratory cycle, but also depends on temperature at the sampling 
site. Theoretically corrections could be made if p D, pu n, and 
temperature could be measured continuously. However, the continu­
ous determination of fast changes of water vapour pressure during 
the respiratory cycle, in phase with other gases, is difficult. 
In conclusion, a solution must be found not only to improve 
long-term stability, but also to exclude short-term effects of 
changing total gas pressure and water vapour pressure. A possible 
solution for both problems is offered by the "automatic control sys­
tem" or "automatic sensitivity control system" (ASC) described by 
Scheid et al. (1971). Their system is a fast version of the device 
introduced by Bargeton et al. (1970), who designed a system capable 
of achieving long-term stability. 
Assuming that the sum of all partial pressures at the inlet is 
constant, it follows that the sum of the signals provided by the 
mass spectrometer must be constant. Since the fractional dry gas 
concentrations add up to unity by definition, eq.4.1 is rewritten 
as: 
Σ F. = = 1 (4.2) 
pB" pH 20 
By substituting K5 for l/(pH-pH „), eq.4.2 may be written as: 
Σ p. x K 5 = 1 = Σ F. (4.3) 
indicating that the partial pressure of each component is converted 
into its fractional dry gas concentration, independently of p^ and 
p„
 n
 (or without knowing K5), if three conditions are fulfilled. 
Firstly, the partial pressure of each component must be multiplied 
by the same factor K5 ; secondly, the summated values must equal 
unity, and finally, all components must be present in the summation. 
An electronic network capable to fulfill these conditions not 
only solves the problem of water vapour and varying total inlet 
pressure, but also provides long-term stability. Any deviation of 
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the sum of the partial pressures from unity, e.g. by a change in 
inlet capillary conductance, is suppressed by electronically adjust­
ing the gain of the ion current detector. 
4.2 SPECTRUM OVERLAP 
Anaesthetic gas mixtures may be made up of many components. Each 
component produces a spectrum of mass peaks, e.g. NjO has peaks at 
m/q values of 14, 16, 28, 30, and 44. The highest peak in the mass 
spectrum is called base peak, the others are fragment peaks. The 
base peak is not necessarily produced by the molecular Ion, i.e. the 
ion formed by the removal of one electron from a molecule. The 
fragment peaks are produced by the fragment Ions, i.e. the ions 
formed by the cleavage of one or more bonds in the molecular ion. 
For example, ii20 (m/q = 44) is the molecular ion of nitrous oxide, 
and NO (m/q = 30) is one of the fragment ions. 
Each component may be measured at any of its peaks in the mass 
spectrum, but the highest signal-to-noise ratio is reached at the 
base peak which is normally the first choice for the analysis of a 
certain component. The spectra of the components, generally present 
in anaesthetic gas mixtures, are listed in table 4.1. It shows that 
the mass peaks of most of the tabulated components overlap, e.g. NgO 
and CO2 have identical base peaks at 44, and NjO produces a fragment 
peak at 28, which is the base peak of N2- So measurement of most of 
the components in anaesthetic gas mixtures is complicated by the 
presence of other components. 
The severity of these interference problems depends on the rela­
tive concentrations. For instance, suppose CO2 and N3 are measured 
during air breathing on 44 and 28, respectively; the fragment CO 
(m/q = 28) generated by the carbon dioxide will interfere with the 
measurement of nitrogen. The relative abundance of the CO fragment 
to CO2 is about 10%. Therefore the measured N3 fractional concen­
tration (0.73) during expiration (CO2 fraction - 0.05) will have a 
small error (0.7%). The situation will be quite different if С0
г
 is 
measured at 44, while breathing a 2-to-l nitrous oxide-oxygen mix­
ture. During expiration, the CO2 signal will be inflated by the con-
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Table 4.1: Mass spectra of some gases 
Peaks smaller than Ih of base peaks (*) are omitted (From: Muy sers 
and Smit, 1969). 
m/q N2 0 2 СОг N20 
14 N + N + 
16 0 + 0 + 0 + 
28 N2+ (*) C0+ N2 + 
30 N0 + 
32 0 2
+
 (*) 
44 C02+ (*) N20+ (*) 
tribution of the high nitrous oxide concentration as both gases have 
their base peak at 44. 
The problem of spectrum overlap can be overcome by measuring 
gases at m/q values which do not interfere. For instance, if N2O is 
measured by means of NO at 30, CO2 cannot contribute to the meas­
urement of N2O. This solution is not always possible for all gases 
of interest and mostly yields a poorer signal-to-noise ratio as the 
fragment peaks are smaller than the base peaks. Analysis of CO2 on 
12 is possible, but the size of this peak is only 5% of the base 
peak. Moreover, the CO2 concentration in respiratory gas mixtures is 
relatively low. 
Another solution is provided by the use of a "spectrum overlap 
eraser" (SOE) (Davis and Spence, 1979). Interfering signals under­
mine the basic assumption that the sum of all fractional gas concen­
trations equals unity, and accordingly prevent the ASC to perform 
properly. The SOE is an electronic system which eliminates the 
interfering signals on one hand, and allows the use of the ASC sys­
tem on the other hand. An example will explain the working principle 
of the SOE. First of all, the ratios between the mass peaks of a gas 
(e.g. the ratios between the peaks of N2O on 14, 16, 28, 30, and 44) 
are supposed to be constant. If a nitrogen-nitrous oxide mixture is 
analysed, and if N2 is measured on 28 and N2O on 30, nitrous oxide 
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Fig.4.2: Principle of the spectrum overlap eraser [SOE) when N2 
and NzO are measured on 28 and 30 respectively. The interfering 
signal from the Nz fragment of N20 is subtracted from the total 
signal on 28 in the operational amplifier, which yields the true Nz 
signal [the latter is returned to the automatic sensitivity system or 
ASC). The potentiometer divides the NO signal according to the 
ratio Ы
г
 /NO produced by pure Nz0. 
will contribute to the signal of nitrogen. The SOE provides the true 
amount of nitrogen by subtracting continuously the "interfering sig­
nal", caused by the nitrous oxide, from the total signal. The elec­
tronic circuit is shown in fig.4.2. The NO signal is fed to a 
potential divider, which divides the signal according to the ratio 
of peak 30 to peak 28, produced by pure nitrous oxide. The resulting 
signal (i.e. the "interfering signal") on one hand, and the total 
signal measured on 28 on the other, are fed to an operational ampli­
fier where the two incoming signals are subtracted. The final output 
is the "true" Nz signal. The described circuitry can be extended for 
more interfering signals, e.g. from СОг and halothane, and can be 
applied to every gas under study. Thus a logical electronic exten­
sion is to build a network with one channel for each gas of inter­
est, e.g. Nj, 0
г
, СОг,
 a nd NzO. Each channel may have one input for 
each interfering signal. 
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Since the SOE makes electronic links between different channels, 
it has to be expected that the final output signal of each channel 
will be influenced by the quality of all input signals on that chan-
nel. Thus, calibration errors, nonlinearity, and noise on one chan-
nel are more or less transferred to the others. For further details, 
see chapter 5. 
The presence of volatile anaesthetics in an anaesthetic gas mix-
ture enlarges the problem of spectrum overlap, because they are 
cracked into many fragments interfering with the measurement of 
nitrogen (on 28), nitrous oxide (on 30), oxygen (on 32), and carbon 
dioxide (on 44). Moreover, halothane chemically produces COj inside 
the mass spectrometer: Graham et al. (1980) showed that CO2 produc-
tion depends on the Og concentration and the filament material. 
Furthermore, volatile anaesthetics may produce machine deterioration 
(Graham, Salamonsen, Kay et al., 1980). 
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CHAPTER 5 
THE EQUIPMENT USED 
This chapter describes the equipment used in the course of the 
study, the calibration procedure of the mass spectrometer, and the 
evaluation of the performance of the latter instrument, which was a 
quadrupole mass spectrometer Centronic 200 MGA Anaesthetic Model 
(Centronic Limited, Croyden, England). 
5.1 DESCRIPTION OF THE CENTRONIC 200 MGA 
5.1.1 General 
This mass spectrometer is constructed according to the general 
design described in chapter 3, and incorporates an "anaesthetics 
module" offering the facilities of a spectrum overlap eraser (SOE) 
and an automatic sensitivity control system (ASC), described in 
chapter 4. The instrument is housed in a cabinet 0.62 m wide by 
1.1 m high by 0.67 m deep, and weighs approximately 200 kg. It is 
mounted on four rubber castors which allow to move it easily. Eight 
gases can be measured (quasi-)simultaneously on eight channels. 
All controls are situated at the front side of the intrument and 
are grouped in four sets: two sets are freely accessible, two sets 
are situated in a lockable drawer (see fig.5.1). 
The top cover controls consist of four push buttons, four indica-
tors, and one digital meter. The instrument is switched on from the 
off state by depressing the "standby-on" button, which starts the 
pump down sequence. When the pressure is reduced below 1 mPa, the 
mass spectrometer can be put into its operating mode by depressing 
the "operate" button. If the instrument is used regularly, it is 
kept in the standby position to preserve the high vacuum. 
Indicators warn for low flow through the inlet capillary ("inlet"), 
burnt out filament ("filament"), high pressure in the analyser sys-
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Fig.5.1: Schematic side and top view of the Centróme 200 MCA 
(DPM = digital panel meterì. 
tem ("Hi-Vac"), and low signal level ("sensitivity"). Activation of 
the "Hi-Vac" alarm causes a return to the standby mode. The digital 
panel meter (DPM) shows the m/q value of a channel selected on the 
control panel. 
The "control panel" has controls for the overall adjustment of 
the instrument, and for adjustments of each of the eight channels 
(see fig.5.2). The overall sensitivity is set by varying the high 
voltage of the ion detector. Each channel has one control to select 
an m/q value (by varying V and U) and two controls for coarse and 
ac 
fine gain amplification. The DPM displays the chosen m/q value when 
the appropriate channel on the "channel selector" is selected. At 
the same time an analog meter on the control panel ("tuning indica-
tor") shows the output signal of the selected channel. A toggle 
switch on the side of the drawer allows a spare filament to be used. 
The "preset panel" contains the necessary input and output sock-
ets and controls for spectrum mode purposes. In this situation, a 
scan unit provides the necessary ramp voltage, and an oscilloscope 
is connected to the mass spectrometer. Peak shape is optimized by 
adjusting resolving power and ion energy. Further controls on the 
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Fig.5.2: The control panel In the lockable drawer. The controls of 
only one channel are shown (DPM = digital panel meter). 
preset panel allow to adjust ion focusing, electron emission, the 
overall amplification of all channels, and the quadrupole head 
amplifier zero. The principal operational units of the Centronic 
200 (defined in fig.5.3) are now described in more detail. 
Input ——I inlet unit 
vacuum unit 
¿t. лтьь?, -ffSfi 
OH 
unit 
." control 
? units 
- output 
F i g . 5 . 3 : The principal units of the Centronic 200 MCA. The qua­
drupole head unit (QH unit) contains the systems for ion beam for­
mation, mass filtering, and detection. 
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5.1.2 Inlet and vacuum unit 
Fig.5.4: Diagram of the inlet system of the Centronic 200 MCA. 
The blood gas mode inlet (Af) is isolated from the rest of the system 
by three electromagnetic valves [N, L, K) [Copy from manuali. 
These units are constructed according to figs.3.2 and 3.3. The 
flexible inlet capillary (I)1 has a length of 1.25 m and samples 
approximately 20 ml.min (air). Two respiratory inlet terminals 
(A) are situated at the rear of the instrument for the connection of 
alternative capillary tubes. A selector valve (B) directs the gas 
flow to one of the two inlets, or shuts off the inlet system. A 
stainless steel tube forms the connection between inlet terminal and 
molecular leak (H). The latter is of the porous type and consists of 
sintered carbide. The pressure before the molecular leak is in the 
1
 The capitals in the text refer to fig.5.4. 
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order of 1 kPa. The leak is sealed off by an electromagnetic valve 
(G) in the standby and off position. A large stainless steel tube 
(C) is fitted between leak and transport pump (D). A second valve 
(E) isolates this pump from the rest of the inlet system when the 
instrument is inoperative. Pressure at the inlet mouth of the pump 
is monitored by a Pirani gauge (F). Detection of too low a flow 
illuminates the warning indicator "inlet". 
The high vacuum system consists of an air-cooled vapour stream 
pump backed by a fore-vacuum pump. A baffle cooled by a Peltier ele-
ment is fitted between the analyser system and high-vacuum pump. A 
foreline oil trap containing activated alumina is placed between the 
two pumps. Baffle and oil trap prevent migration of vapour molecules 
or backstreaming of rotatory pump oil, respectively. Pressures in 
the high vacuum and fore-vacuum are monitored by a Penning and 
Pirani gauge, respectively. 
5.1.3 Quadrupole head unit 
The Ionizer section has two identical rhenium filaments (the spare 
one can be switched on without opening the vacuum system). Electrons 
are accelerated by a potential difference of about 75 Volts; elec-
tron emission current is stabilized. Ions created in the ionizer 
section are focused and drawn into the analyser section with an 
energy of about 6 eV. 
The analyser section consists of four stainless steel rods which 
_3 
are 0.127 m long and have a diameter of 6x10 m. The ac voltage has 
a frequency of 2.4x10 Hz. The dc voltage is in the range from -1 to 
+180 V, and from +1 to -180 V. The ac/dc amplitude ratio is set by 
the resolution control. The quadrupole analyser tunes 50 times per 
second to another m/q value. 
The detection system consists of an electron multiplier system. 
The ASC circuit controls the instrument sensitivity by varying the 
total accelerating voltage in the electron multiplier. 
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5.1.4 Control units 
Electronic circuits control all other units (see fig.5.3). The elec-
tronics controls the ionizer operation (filament and stabilization), 
the generation and timing of the ac and dc driving voltages, and the 
signal detection and processing. 
The vacuum control unit has two functions: control of the pump 
down cycle of the vacuum system, and prevention of contamination of 
the analyser system by incorrect vapour stream pump operation or 
power failure. 
The anaesthetics module consists of a four-channel three-input-
per-channel SOE on one hand, and an eight-channel ASC system on the 
other. Each of the four SOE channels can be switched on or off, and 
each of the channels has three potentiometers for correction of 
interfering signals. The channels of the SOE are allocated and cor-
rected as illustrated in table 5.1. 
Table 5.1: Allocation of the mass spectrometer channels 
The first four channels are Incorporated in the anaesthetics module. 
Channel 5 Is tuned to a volatile anaesthetic. Each of the first four 
channels Is corrected by two or three of the other channels. 
Channel 6 to 8 may be tuned to other gases. 
channel tuned m/q value correction channels 
1 28 (N2) 3/4/5 
2 32 (O2) 3/4/5 
3 44 (CO2) 2/4/5 
4 30 (N2O) 2/5 
5 51 (enflurane) 
6 40 (Ar) 
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5.2 DESCRIPTION OF THE REST OF THE EQUIPMENT 
5.2.1 The chart recorder 
The Gould-Brush 481 Recorder is an analog recorder featuring eight 
40 mm (50 divisions) channels, and sensitivities from one millivolt 
to 10 V per division. A pressurized ink system is used. Frequency 
response is flat from dc to 40 Hz full scale. This specification 
given by the manufacturer was checked: frequency response was flat 
to 50 Hz full scale. Paper speed can be varied in 12 steps from 
0.05 to 200 mm.s ; the 100 mm.s speed proved to be reliable. 
5.2.2 The XY-recorder 
The XY-recorder (Model BD 31 from Kipp & Zonen, Delft, Holland) uses 
DIN-A 3 graph paper. The recorder also plots signals against time. 
It has a lower frequency response than the Gould-Brush chart 
recorder: 0.5 s is needed to reach a deflection of 250 mm on the 
Y-axis. 
5.2.3 The Mine computer and the tape recorder 
The Mine computer system (PDP 11/23; Digital Equipment Corporation) 
with Analog-to-Digital Converter of the Lung Function Laboratory 
(head Prof. Dr H.H. Beneken Kolmer) was used for data acquisition, 
data analysis, data reduction, calculation, and text editing. 
An eight-channel instrumentation recorder (Hewlett Packard 3968A) 
was used when on-line data acquisition was impossible. 
5.2.4 The bubble flowmeter 
The sample flow through the inlet lines was measured with the bubble 
meter method. The meter, illustrated in fig.5.5, consists of glass 
tube with an internal diameter of 26.2 mm. The sample gas is fed 
into the lower side arm and drawn off via a short length of large 
bore plastic tubing at the top. By squeezing gently the rubber bulb 
containing a detergent solution, the soap level is raised. The gas 
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Fig.5.5: The bubble flowmeter for the measurement of sample flow. 
flow, which urges the soap film (or bubble) up the glass tube, is 
made visible by the bubble raising in the tube. 
The meter was calibrated according to Levy (Levy, 1964). Graph 
paper attached to the side of the meter shows reference marks. The 
volume between two marks is 50 ml. Timing the bubble over a known 
volume yields the sample flow. Gas tightness of the meter components 
was proved by helium detection. 
5.2.5 The step change device 
The device used to generate stepwise changes in partial gas press-
sure at the inlet of sampling tubes can be described as follows. It 
consists of two chambers with a volume of about 6 ml (see fig.5.6). 
Two independent systems deliver the desired gas mixtures to the gas 
entry of each of the two chambers, separated by a common wall with a 
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Fig.5.6: The step change device in two views. Left: start posi-
tion, right: position of rest. When the brake (7J is removed, the 
pierced plate slides Into its position of rest and the gas flows from 
one chamber to the other, generating a stepwise change In partial 
gas pressure at the tip of the tube [Made and drawn by G. 
Toenders). 
hole. The tip of the sampling tube under study is fixed in front of 
the middle of this hole. A pierced plate sliding between the cham-
bers prevents in its starting position any gas flow from one chamber 
to the other. One gas outlet is slightly obstructed to elevate pres-
sure (+ 0.5 kPa) in the chamber where the tip of the tube is not 
situated. This higher pressure urges the gas through the hole if 
the pierced plate is in its position of rest. A step change is gen-
erated as follows. After removal of the brake, the spring swiftly 
pulls the plate into its position of rest where the plate operates a 
micro switch (not shown). The latter activates an electronic circuit 
generating a pulse signal which is used as trigger signal for data 
acquisition. Thus this signal defines the moment when the step 
change is produced. 
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5.3 CALIBRATION PROCEDURE 
The output signals of the mass spectrometer are fed to the chart 
recorder. A suitable sensitivity is selected on each recorder chan-
nel, taking into account that the electrical output signal of the 
nass spectrometer is 10 V for a pure gas. After sampling air for one 
hour, the instrument is calibrated as follows (halothane is used as 
an example of a volatile agent). The SOE channels are switched on. 
1. The chart recorder channels are set to zero. 
2. The quadrupole head amplifier is set to zero. 
3. The mass spectrometer channels are tuned as follows: 
channel 1 to m/q = 28 (ßz ) sampling room air, 
channel 2 to m/q = 32 (O2 ) sampling room air, 
channel 3 to m/q = 44 (C02+) sampling 100% C02, 
channel 4 to m/q = 30 (N0+) sampling 100% N2O, 
channel 5 to m/q =117 (HC2F3CI ) sampling 1% halothane, 
channel 6 to m/q = 40 (Ar ) sampling room air. 
4. Sampling room air, following adjustments are made: 
a. the sensitivity is set for channel 1 to give about 
7.5 V, 
b. the fine gain controls are adjusted to give: 
• 7.82 V for channel 1 (N2), 
• 2.09 V for channel 2 (O2), 
• 0.09 V for channel 6 (Ar). 
5. Sampling 100% С0
г
, the fine gain on channel 3 is set to give 
10 V. 
6. Sampling 100% N2O, the fine gain on channel 4 is set to 10 V. 
7. Sampling 1% halothane in a 1/1 mixture of N2O/O2, the fine 
gain on channel 5 is set to give 0.1 V. 
8. Sampling 100% N2O, the signals on channel 1 and 3 are cor­
rected (set to zero). 
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9. Sampling 100% С0
г
, the signals on channel 1 and 2 are cor­
rected (set to zero). 
10. The channels 1 to 6 of the anaesthetics module are switched 
on. 
The calibration procedure is checked with a gas mixture contain­
ing 30% N2, 30% 0 2, 6% CO2, 33% N 20, and 1% halothane (L'Air 
Liquide, Belgium). This calibration is satisfactory for mixtures 
containing low levels of halothane. Otherwise, 5% halothane should 
be presented to the inlet, and corrections made. 
5.4 EVALUATION OF THE CENTRONIC 200 MGA 
The Centronic 200 MGA was tested on the following points: 
• static accuracy: linearity and stability, 
• dynamic accuracy: noise and frequency response, 
• performance of the anaesthetics module, 
• influence of viscosity changes, 
• resolving power. 
During these tests the Centronic inlet capillary was used, except 
for the stability test. 
5.4.1 Static accuracy 
5.4.1.1 Linearity 
Two distinct methods were used to evaluate the linearity for N2, O2, 
CO2, N2O, and Ar. For the first method, a number of dry calibrated 
binary gas mixtures containing N2 and O2, or N2 and CO2 (prepared in 
the Institute of Physiology, Nijmegen, head Prof. Dr F.J. Kreuzer) 
were fed sequentially to the mass spectrometer. Calibration curves 
showing the relationship between partial gas pressure and deflection 
on the recorder, were made for O2, N2, and CO2. The tuned m/q values 
were 32, 28, and 44, respectively. During all linearity tests the 
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deflection (mm) 
2411 50 52 6946 100 30.4649 39 7110 100 2 55 4 56 9.Θ9 
KPa hPa kPa 
Fig.5.7: Calibration curves for Nz, 0г, and С0г obtained with 
calibrated binary gas mixtures. 
ASC system was switched off, since this circuit automatically puts 
the sum of the two fractional gas concentrations equal to 1. Without 
the ASC system the mass spectrometer measures partial gas pressures 
(see chapter 4). The fractional gas concentrations of Oj and CO2. 
measured by a Scholander apparatus, were converted to partial gas 
pressures (by means of eq.4.1 where p H n = 0 and p B = 100 kPa, i.e. 
atmospheric pressure at the time of the measurement). Linearity for 
0 2 and N 2 was tested over a range from 0 to 100 kPa, and for C02 
over the range from 0 to 10 kPa. Deflections were noted 30 s after 
the change to a new gas mixture; between the calibration gas mix­
tures, room air was sampled during at least 60 s. Fig. 5.7 shows 
that the output signals were nearly linear over the range studied. 
The greatest deviation from linearity encountered was smaller than 
2%. 
At the moment of the study, no calibrated binary gas mixtures 
containing NjO or Ar were available. The alternative method used to 
evaluate linearity is described now. Suppose a dry binary gas mix­
ture containing a component X and a component Y is sampled at atmos­
pheric pressure. The partial pressures of component X and Y are 
recorded on the χ and y-axis, respectively, of an XY-recorder. The 
sum of the partial gas pressures of the two components is constant 
and equals atmospheric pressure (pB). The ratio of the two partial 
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deflection (mm) 
N2(28) deflection (mm) 
Fig.5.8: Calibration curves for the mixtures N^lCOz. and Nz/Ar 
obtained with the alternative method which recorded the continu­
ously varying partial gas pressure of each component of the binary 
mixtures on one of the two axes of an XY-recorder. The anaesthet­
ics module was switched off. Constant mass spectrum overlap is 
shown with the N2/C02 mixture. 
gas pressures (ρ
χ
/Ργ) can slowly be changed by turning the 
rotameters delivering the pure components. If the XY-recording pro­
vides a straight line (ρ
χ
+Ργ = Pn)» ancl there are no interferences 
on the tuned m/q values, linearity can be assumed for both compo­
nents. The following mixtures were used: NJ/OJ; N2/Ar; N2/C02·, 
C02/Ar; N20/N2. The tested range was from 0 to 100 kPa. The tuned 
m/q values for N2, 0 2, C02, N20, and Ar were 28, 32, 44, 30 (N0 ), 
and 40, respectively. The mixtures N 2/0 2, N2/Ar, and СОг/Аг have no 
interfering signals on the tuned m/q values. 
However, if the XY-recording provides a straight line and if 
there are interfering signals on the tuned m/q values, not only 
linearity is proven, but a constant ratio of the peaks in the mass 
spectrum must also be assumed. Fig.5.8 shows the XY-recording of 
the mixtures N2/C02 and N2/Ar, which proved to be essentially 
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linear. Thus, linearity of N2, Ar, and С0
г
 must exist and CO must 
be produced in a constant proportion to COj • 
All XY-recordings were mathematically analysed as follows. 
Fifteen points on the "curves" were chosen: 
• five points with X < АО kPa, and Y > 60 KPa, 
• five points with 40 < X < 60 kPa, and 40 < Y < 60 kPa, 
• five points with X > 60 kPa, and Y < 40 kPa. 
Regression lines were calculated for: 
• all points 
• points with X > 60 kPa 
• points with Y > 60 kPa 
• points with X < 60 kPa 
• points with Y < 60 kPa 
False low values have been reported when sampling gas mixtures 
with high concentrations of Ar, CO2, N2, and 0
г
 (Gillbe, Heneghan, 
and Branthwaite, 1981). Therefore, the difference between the slopes 
of the regression lines fitted through points with X or Y > 60 kPa 
on one hand, and through the rest of the points on the other hand, 
was evaluated as illustrated in fig.5.9. 
From the results shown in table 5.2, it is concluded that linear­
ity is well established for the tested gases (N2, 0
г
, С0
г
, Ar, and 
N2O) in the range from 0 to 100 kPa. This technique provides a 
method for preparing gas mixtures. To evaluate this, an 
XY-recording was made with a mixture of C02/N2. At a certain point 
the turning of the rotameters was stopped, and a sample of the mix­
ture was taken in a glass syringe. The mass spectrometer reading 
for CO2 was 11.47 kPa. A Scholander analysis gave 11.45 kPa 
(pB = 100 kPa). 
5.4.1.2 Stability 
Stability was tested during operation in the operating theatre with 
the ASC system "on" since the instrument is meant to be used with 
this system. Every hour the output voltage of the mass spectrometer 
for N2 and O2 was read on a digital voltmeter, while room air was 
sampled through the same inlet line as used for sampling from the 
anaesthetic circuit (this line is described in chapter 6). Stability 
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Table 5.2: Linearity of the Centronic 200 MGA 
Values for the Intercept A, the slope В and the correlation coeffi­
cient (CC) of the regression lines which were fitted through the 
various groups of points, according to the equation у = A+Bx. The 
calculation of hx% and Лу% /5 illustrated in f ig. 5.9. 
X /Y P o i n t s В CC Δχ% o r Äy% 
г/0
г 
02/Ar 
Ι20/Ν2 
all 
N2 > 60 kPa 
N2 < 60 kPa 
O2 > 60 kPa 
O2 < 60 kPa 
all 
CO2 > 60 kPa 
CO2 < 60 kPa 
Ar > 60 kPa 
Ar < 60 kPa 
all 
N20 > 60 kPa 
N2O < 60 kPa 
205.9 
208.2 
206.0 
205.7 
205.6 
207.4 
209.3 
207.1 
207.2 
206.7 
205.5 
207.7 
205.4 
1 
1 
1 
1 
1 
1 
1 
0 
1 
0 
0 
0 
0 
013 
025 
015 
000 
011 
002 
010 
999 
005 
996 
.846 
.858 
.844 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
999987 
999845 
999967 
999833 
999976 
999996 
999949 
999993 
999952 
999998 
999986 
999918 
.999974 
-0.08 
-0.06 
+0.03 
-0.24 
+0.34 
Δ Κ · , - 1 0 0 ^ - » ' ' ^ « o ü t a ) 
Fig.5.9: Mathematical analysis of the calibration "curves" obtained 
with the alternative method. Regression lines were fitted through 
the points with X > 60 kPa (7J , X < 60 kPa (2), Y > 60 kPa (3), 
and Y < 60 kPa (4 ) . Results are listed in table 5.2. 
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was tested in the operating theatre, because overall stability of 
the instrument not only depends on the factors described before, but 
also on the inlet system stability which is challenged by sampling 
wet respiratory gases. The results (N2 : 7.80, 7.79, 7.81, 7.83, 
7.81 V, and 02: 2.08, 2.07, 2.07, 2.05, 2.06 V) show that stability 
is satisfactory for clinical use (the electrical output signal of 
the mass spectrometer is 10 V for a pure gas). 
5.4.2 Dynamic accuracy 
5.4.2.1 Frequency réponse 
The frequency response of a mass spectrometer can be measured by 
generating a stepwise change in partial gas pressure at the sampling 
point of the inlet capillary. The resulting electrical output sig-
nal as a function of time is termed "step response" and shows two 
intervals (see fig.5.10): 
(1) transit time: the time taken by a gas front to travel down the 
capillary, 
(2) response time: the time necessary for the output voltage to 
pass from 10% to 90% of the difference between its initial and final 
value. The response time is related to the highest frequency of the 
respiratory signal that can be handled by the mass spectrometer. 
Using the Centronic 1.2m inlet capillary, the Centronic 200 MGA had 
a transit and response time for a stepwise change of N2 of 0.216 and 
0.064 s, respectively. A report of methods and results for other 
gases will be given in chapter 6. 
5.4.2.2 Noise 
Noise was within the limits given by the manufacturer when room air 
was sampled. A lower signal-to-noise ratio was found on the COg 
channel when CO2 was measured in N20: see section 5.4.3. 
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Ρ 
step chang? m 
partial 
gas pressure 
! t 
V * 0 
1 0-1 f -^-
0 9 .^ ^ 
output ¡ /\ 
voltage I / | 
оі --J -j/( | 
ι- -ч l·- H t 
transit time responsetime 
lag time transition time 
delay time rise time 
Fig.5.10: Time intervals recognizable in the electrical output signal 
after a stepwise change in partial gas pressure produced at t t . 
Frequently used synonyms are shown. 
5.4.3 Performance of the anaesthetics module 
The anaesthetics module may influence both static and dynamic accu­
racy. Owing to the electronic links of the circuits, errors on one 
channel are spread over all channels in the summing circuit (ASC) or 
are transferred completely to one or more channels (SOE). The per­
formance of the module was evaluated on three points: its ability to 
compensate for varying total pressure at the sample inlet, its 
influence on static accuracy, and its influence on dynamic accuracy. 
5.4.3.1 Compensation of varying inlet pressure 
Simultaneous recordings of the total pressure at the sample inlet 
and of the output signal of one channel are shown in fig.5.11. The 
total pressure at the sample point was varied while the mass spec­
trometer was sampling a ii2/0z mixture. 
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N 2 signal 
AM 
off 
pressure 
Njsignal 
AM 
on 
pressure 
3.6 kPa 
Is 
lime 
Fig. 5.11: The nitrogen signal is directly proportional to the 
applied total pressure at the sample point when the anaesthetics 
module [AM) is switched off (top). Compensation is realized when 
the module Is on С bottom). 
5.4.3.2 Influence on static accuracy. 
In the course of a calibration procedure as described above, errors 
may occur owing to several causes. These may be considered under 
three headings: (1) zero-offset errors, (2) gain errors, (3) correc­
tion errors. 
With regard to (1), suppose an unknown zero-offset be present on 
one or more channels when the chart recorder is zeroed and the mass 
spectrometer is calibrated. Consequently all (unknown) offsets are 
summated when the anaesthetics module is switched on, and a faulty 
conversion factor will result for all gas components in the summing 
circuit. This was experimentally confirmed. 
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In two cases an important zero-offset was due to the malfunction-
ing of a potentiometer in the SOE circuits (once in the N2O, and 
once in^the CO2 channel). Normally, a zero offset on any of the four 
SOE channels may be cancelled out with these potentiometers. The 
procedure used to minimize zero-offset was as follows. Firstly, 
zero-offset was minimized on the channels which are not included in 
the SOE, using the head amplifier zero knob. Secondly, the poten-
tiometers were adjusted to minimize zero-offset on the four SOE 
channels. A digital voltmeter or an oscilloscope was used to measure 
the output signal. 
With regard to (2), a faulty adjustment of the gain on one chan-
nel does not only lead to a measurement error on that particular 
channel, but also to errors on all channels in the summing circuit 
when the ASC is on. Errors in reading on the chart recorder are 
about 1% of full scale. Thus if six channels are used, a total 
error of about 3% maximally is introduced into the summing circuit. 
However, the total error is split up over all channels. Faulty gain 
adjustment also leads to an overcorrection or undercorrection for 
spectrum overlap. If the gain for nitrous oxide, measured on 30, is 
misadjusted, the zeroing of CO2 on 44 also is incorrect. The latter 
adjustment was rendered particularly difficult because of the noise 
introduced by N2O on the CO2 channel. 
Lastly, the zeroing of the N2, O2, and CO2 channels during cor-
rections for spectrum overlap is subject to errors because of the 
same errors as mentioned for the gain adjustment. 
5.4.3.3 Influence on dynamic accuracy 
A low signal-to-noise (S/N) ratio of 10:1 was seen on the CO2 chan-
nel when mixtures containing N2O were sampled. The noise on the COj 
signal results from the noise on 44 and on 30. When a nitrous oxide 
free gas mixture was sampled, e.g. air, noise almost disappeared 
(see for illustration fig.7.8). The use of a chart recorder with a 
smaller frequency response than the Gould-Brush 481 will attenuate 
noise (confirmed experimentally). 
It will be shown in chapter 6 that response times of different 
gases influence each other as a result of the summing circuit in the 
anaesthetics module. 
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5.4.4 Viscosity changes 
Steady-state errors were evaluated as follows. The CO2 output signal 
of the mass spectrometer sampling a calibrated gas mixture with 
4.71% CO2 (Scholander analysis) in air, was recorded on the chart 
recorder. Then a mixture of C02 in Ar was sampled: carbon dioxide 
was mixed with argon until the signal from the C02 channel equaled 
the signal of the CO2 in air. A sample of the C02/Ar mixture was 
analysed by the Scholander apparatus, which yielded 4.80% CO2. The 
difference is within the errors of the procedure. 
5.4.5 Resolving power 
One of the attractive features of the quadrupole mass analyser, i.e. 
adjustable resolving power, was used to find a compromise between 
resolving power and sensitivity. In this study mass peaks always 
differed at least 2 u. The resolving power was adjusted until the 
peaks had rounded tops on one hand, while peaks differing 2 u were 
nearly completely resolved on the other hand. The calculated 
resolving power in the fig.3.9 is 28, measured at 5% of the 44 peak 
height. 
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CHAPTER 6 
PERFORMANCE OF LONG SAMPLING TUBES: THEORY 
6.1 INTRODUCTION 
Varying partial pressures of respired gases are used as input signal 
for the mass spectrometer recording system. This respiratory input 
signal is transformed into a visible curve by the instrument system 
as a whole, ranging from the tip of the sampling tube to the output 
display, e.g. a chart recorder. The static and dynamic accuracy of 
the instrument system is determined by the features of its compo­
nents (Fry, 1960; Gielen, 1971). The performance of the first compo­
nent, i.e. the inlet line, is given by three parameters mutually 
related: transit time, response time, and sample flow. Transit time 
and response time are inversely proportional to sample flow. 
However, these three "performance parameters" should be as small as 
possible for the following reasons. 
A short transit time and a short response time of the total sys­
tem guarantee a fast and accurate measurement of dynamic events. 
The highest frequency that can be handled by the system is related 
to its 10 to 90% response time by the equation (Skilling, 1968): 
t χ f = 0.35 (6.1) 
r co
 v
 ' 
where t is the 10 to 90% response time of the system, and f is 
r co 
its upper cut-off frequency. At this frequency the output signal 
amplitude falls to 70.7% of the true value (McCray and Cahill, 
1973). Whenever transit or response times are measured, the results 
depend on the performance of the complete system. Transit times of 
the components are additive, but response times obey the equation: 
t
r
 = •( Σ t.2 ) (6.2) 
where t. is the response time of each component (Skilling, 1968). 
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A small sample flow is desired for five reasons. Firstly, the 
inlet system is less easily contaminated by particles (water dro-
plets, dust, soda lime). Secondly, a higher sample flow corresponds 
to a higher pressure in the mass spectrometer. This may lead to 
faulty measurements (see section 3.3) or technical troubles, e.g. a 
rapidly burnt out filament. Thirdly, a sample flow, which is too 
high compared with the patient's minute volume, distorts the 
respired waveforms. Fourthly, a small sample flow is needed for 
monitoring low flow anaesthesia. Fifthly, the switching artifacts, 
which are due to the valves of a multi-patient inlet system, are 
related to the sample flow (chapter 8). Fowler (1969) reports that 
sample flow should be less than 1% of the respiratory minute volume 
of the subject under study. 
Replacement of the sample capillary by an inlet line with other 
properties (geometry or material) will alter the performance parame-
ters of the inlet system. Lengthening of the response time is caused 
by the factors which disturb the shape of a gas front before it 
enters the analyzer: 
1. interaction between the gas phase and the sampling tube 
material (adsorption, absorption), 
2. a dead volume in the inlet system, e.g. a valve, 
3. molecular diffusion, convection (= flow of a medium), and 
decompres sion. 
Signal transmission in long inlet lines is improved by minimizing 
the first two factors. Interaction between gas phase and tube can be 
avoided by selecting capillaries of appropriate material; when 
valves are needed in the inlet line, they should introduce minimal 
dead volume. If these first two factors have been eliminated, dis-
tortion of the respiratory signal is only dictated by the physical 
phenomena of convection, molecular diffusion, and decompression. 
Then the limit of improvement of signal transmission is reached. 
This physical limit can be calculated from a process model predict-
ing the shape and the dimensions of the response for certain process 
inputs. The information provided by the model serves to judge the 
approach to this ideal limit, if a selection procedure between sam-
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pling tubes of various materials and geometry is to be made by 
experimental observation. Differences between observed and calcu­
lated responses call for an explanation for the discrepancy. The 
shape of the experimental responses may help to explain the differ­
ence. It should be realized that the process model only predicts 
the response of part of the inlet system, i.e. the inlet line, 
whereas the total response time follows from eq.6.2. 
In this chapter, a process model for tubes of two configurations 
will be described. Experimental results will be presented in the 
next chapter. 
6.2 PROCESS MODEL FOR TUBES WITH UNIFORM DIAMETER 
Long sampling tubes for respiratory mass spectrometry are similar to 
capillary gas chromatography columns. A mathematical model of the 
processes occurring within gas chromatography columns was described 
by Golay (1958). This model can be applied to inlet lines of a 
respiratory mass spectrometer, as reported previously (Cramers et 
al., 1981), if the factors related to adsorption are eliminated from 
the calculations. 
6.2.1 Hagen-Poiseuille's law for fluids (liquids or gases) 
The steady laminar flow of a fluid of constant density, i.e. incom­
pressible flow, through a "very long" tube of circular cross-section 
is governed by the Hagen-Poiseuille law. In such a flow, a parabolic 
velocity distribution is established with a constant mean velocity 
(v), which equals half the maximum velocity (v ). This is illus­
trated in fig.6.1. The product of the area of the tube cross sec­
tion and the mean velocity yields the volume rate of fluid flow, 
which is given as (Moore, 1962): 
dV (Pi-P,,) r A IT 
— = (6.3) 
dt L η 8 
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F i g . 6 . 1 : Laminar flow of a liquid in a tube with inlet pressure p. 
and outlet pressure ρ establishes a parabolic velocity profile with a 
constant mean velocity ν that is half the maximum velocity ν 
m 
where V is the volume of fluid, t is time, p. is the pressure at the 
inlet, and ρ at the outlet of the tube; r and L are the radius and 
the length of the tube, respectively, and η is the viscosity of the 
fluid. This formula is adapted for a gas stream, i.e. a compressible 
medium, in several steps. 
Firstly, the pressure versus distance function is calculated. 
Eq.6.3 holds for gases if it is transformed into the differential 
form: 
dV
x
 dp
x
 r
4
 π 
(6.4) 
dt dx η β 
where χ is the coordinate in the axial direction, V is the volume 
of gas at a distance χ from the inlet, and ρ is the local pressure 
at x. The volume of gas is a function of pressure according to the 
law of Boyle-Mariotte given by: 
ρ V = constant 
*χ χ 
(6.5) 
Combining the eqs.6.4 and 6.5, integrating, and manipulating alge­
braically yield the pressure versus distance function given as: 
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χ (Ρ -i) 
Ρχ - Pi Ί ι (6.6) 
where Ρ = p./P • This function is illustrated in f ig. 6.2, where a 
comparison is made with incompressible (liquid) flow. 
1,1 I 
\JL 
Px ' -x Po 
F i g . 6 . 2 : Pressure versus distance functions in a tube with length 
L for incompressible (liquidi ond compressible (gas) flow. The 
ratio Ρ (= P¡/po) is 10. 
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Secondly, the linear gas velocity is calculated. Gas velocity not 
only has a parabolic distribution in the radial direction of the 
tube, but also depends on the position in the axial direction, i.e. 
on local pressure. The velocity distribution in both directions is 
given as : 
dp
x
 (r2-a2) 
v
ax = - —
 x (6
·
7
> 
dx 4 η 
where a is the coordinate in the radial direction. Combining eqs.6.6 
and 6.7, integrating over the distance x, and letting a = T/JI, 
yield the mean linear gas velocity at any position in the tube: 
РіГ
2
 (P2-l) 
V
x
 = « { } (6.8) 
16TIL χ (P2-l) 
P 2 •[ 1 ] 
L P 2 
The relationships in eq.6.7 and eq.6.8 are illustrated in fig.6.3. 
Lastly the volume rate of gas flow, or shortly gas flow, measured 
at any position in the tube, i.e. at the local pressure, is given 
as: 
F
x
 = ν
χ
 π r
2
 (6.9) 
The gas flow measured at the inlet (x = 0 in eq.6.8) is given as: 
π p. r 4 (P2-l) 
F 1 = (6.10) 
16 η L P2 
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liquid 
aL 
gas _; 
Fig.6.3: Mean velocity versus distance functions in a tube with 
length L for incompressible (liquid) and compressible [gas) flow. 
The ratio Ρ (= Ρ,Ιρ^ is 10. 
6.2.2 General formulae 
A process model predicts the response (process output) of a system 
to a stimulus (process input). The system used for the model is not 
the real system that is to be described, but behaves like the real 
system under specified conditions. Certain process inputs are very 
useful from the combined viewpoint of experimental execution and 
mathematical analysis. These inputs are the "step", "pulse", and 
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"impulse" inputs as defined further. They are illustrated in 
fig.6.4 as functions of time (t). 
t ( t ) 
strp 
pulsi 
impulse 
lo » 
Fig.6.4: Process inputs convenient for mathematical analysis of a 
process model. 
The "step" has one fixed value for t smaller than tj, and another 
fixed value for t equal to or greater than tj. A "pulse" input is a 
step input of finite duration returning to its initial value. An 
"impulse" input is the limit approached by a pulse input, when the 
duration of the pulse approaches zero, and the integral of the input 
with respect to time (= the area of the pulse) remains finite and 
constant. If the step jumps from zero to 1, or if the integral of 
the impulse equals 1, they are called "unit step" and "unit impulse" 
( = Dirac delta function), respectively. The delta function is the 
derivative of the step function (Riggs, 1970). 
Gas molecules injected instantaneously into a carrier gas, which 
is flowing viscously through a tube, will spread in axial direction 
under the combined effects of: 
• convection (producing a parabolic velocity profile) 
• molecular diffusion (in radial and axial direction) 
• decompression 
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The simultaneous action of convection and radial diffusion is called 
the "Taylor mechanism". Taylor (1953) showed that the dispersal of a 
soluble matter produced by convection is reduced by the effect of 
radial diffusion. His analysis was refined by Aris (1956) and Philip 
(1963), and formed the basis for the work of Golay (1958). The three 
effects mentioned are taken into account by the presented mathemati-
cal model, illustrated in fig.6.5. 
0607h 
F ¡д. 6.5: Schematic representation of the process model used in this 
study. A sample gas Impulse, injected Into a carrier gas stream 
flowing viscously through a tube, is distorted into a Gaussian func­
tion with standard deviation a. Pressures at the inlet and outlet of 
the tube are p. and p0, respectively. 
An impulse input i s used for mathematical convenience. The 
impulse i s broadening t o a wider band, and accordingly t h e p a r t i a l 
p r e s s u r e versus time function assumes t h e shape of the Gaussian or 
normal d i s t r i b u t i o n funct ion, which has a var iance given as (Golay, 
1958; Giddings, 1964): 
_ 2 _ 2 
ν г tw 
ο π 
α
Δ
 = ( 2 — + ) f (6.11) 
ν 24 D 
о о 
where D is the diffusion coefficient of the sample gas at tube out-
o 
let pressure, ν is the mean linear gas velocity at tube outlet 
pressure, t M is the "residence time" (see f ig.6.5), and f is 
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Giddings correction factor. The latter takes the decompression 
effect into account and is given as: 
9 (P4-1)(P2-1) 
f = (6.12) 
8 (P3-l)2 
The value of f varies between 1 (P = 1) and 9/8 (?->•»). In gas 
chromatography, it is common practice to use the parameter H (rela-
2 
tive band broadening) instead of σ in determining band broadening; 
Η is given as : 
L 
2 
Η = σ
2
 (6.13) 
hi 
The "residence time" of the gas peak maximum is given as (see 
fig.6.5): 
L 
t M = (6.1A) 
V 
where Ç is the average linear gas velocity, which is given as: 
V = f2vo (6.15) 
where fg is the James-Martin factor, which is given as (James and 
Martin, 1952): 
3 (P2-l) 
fj = (6.16) 
2 (P3-l) 
The average linear gas velocity ν is that velocity which produces a 
residence time equal to the residence time which could be attained 
by a constant mean velocity. Calculating ν from eq.6.8 (x = L), 
and combining with eq.6.16 and eq.6.15, yield: 
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3 г2 p. (P2-l)2 
v = (6.17) 
32 η L Ρ(Ρ3-1) 
For an ideal gas, the values of both the linear gas velocity and the 
diffusion coefficient at any position in the tube are inversely pro­
portional to the local pressure. This is expressed as: 
p.v. = ρ ν = pv = constant (6.18) 
p.D. = ρ D = SD = constant (6.19) 
*ι i *ο o r ' 
where v. is the mean linear gas velocity at tube inlet pressure, D. 
and D are the diffusion coefficients at inlet and average pressure 
p, respectively. Combining eqs.6.15, 6.16, and 6.18 yields the 
average pressure: 
2 (P3-l) 
Ρ = - P 0 (6.20) 
3 (P2-l) 
From eqs.6.18 and 6.19 it follows that: 
D
o
 D 
*o * 
(6.21) 
Relative band broadening is found by combining eqs.6.11, 6.13, and 
6.21: 
D $r2 
Η = ( 2 - + — ^ ) f (6.22) 
V 2AD 
t t t 
(1) (2) (3) 
The three phenomena dictating the distortion of a gas front can be 
recognized in eq.6.22: molecular axial diffusion (1), "Taylor's 
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mechanism" (2), and decompression (3). Alternatively, the "apparent 
or measured band broadening" is derived from eq.6.13, and is given 
as: 
H 
L 
σ = t M •( - ) (6.23) 
Thus the process model predicts that, after an impulse input, the 
process output has the shape of a Gaussian function with a standard 
deviation σ. Since an impulse function is the derivative of a step 
function, the process output after a step input will have the form 
of a "cumulative" or "integrated" normal distribution function, 
which is known as the normal probability integral. The relationship 
between normal distribution function and normal probability integral 
is clarified in textbooks (Defares, Sneddon and Wise, 1973), and is 
illustrated in fig.6.6. The 10 to 90% response time after a step 
input can be calculated in terms of σ (Wissenschaftliche Tabellen, 
Ciba Geigy): 
t = 2.56 χ σ (6.24) 
6.2.3 Atmospheric inlet, vacuum outlet conditions 
Under the conditions of respiratory mass spectrometry (p. = p
n
, 
D. = DB, Ρ » 1, f = 9/8), the general formulae reduce to simpler 
equat ions. 
Average linear gas velocity: 
3 r 2 p B 
ν = (6.25) 
32 η L 
Average pressure: 
2 
Ρ = - PB (6.26) 
3 
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F¡g .6 .6 : i4n impulse (a) or a step ( с ) input of the process model 
Is transformed into a Gaussian function f b j or a normal probability 
integral (d), respectively. 
Gas flow a t t h e i n l e t : 
4 
PB 
FB = (6.27) 
16 η L 
Substitution of eq.6.26 into eq.6.19 yields: 
3 
В = - D„ (6.28) 
99 
6.2.4 Calculation of performance parameters 
A 70%/30% N20/02 mixture at 298K was chosen as carrier gas mixture 
having a viscosity of 16.54x10 Pa.s, i.e. 0.89 times the viscosity 
of air (Nunn, 1977). The inlet pressure is 101325 Pa and Ρ was taken 
100, since the outlet pressure has a value approaching the pressure 
in the sample chamber (= 1 kPa). For nitrous oxide and oxygen, the 
binary diffusion coefficient was calculated according to Fuller et 
al. (1966). For impulses of other gases, a ternary gas mixture 
exists and accordingly a ternary diffusion coefficient had to be 
calculated. The binary diffusion coefficient of the sample gas was 
calculated in Og and in N2O. Then a fraction-weighted (ternary) dif­
fusion coefficient was calculated as follows: 
D = 0.7D
 M n + 0.3D n (6.29) 
where D is the ternary diffusion coefficient of the sample gas x, 
and D „ _ and D
 η
 are its binary diffusion coefficients. A list 
of the various diffusion coefficients used in the present study is 
given in table 6.1. The performance parameters were calculated by 
means of a calculation program J0SUT2 written in Fortran (see 
fig.6.7): examples are given in tables 6.1, 6.2, and 6.3. 
L 
η 
DB 
PI, Po" 
, 
i-
ì 
JOSUT2 
"Fe 
•tM 
•a~t r 
F i g . 6 . 7 : Input and main output variables of the program JOSUT2. 
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6.2.5 Discussion 
Table 6.1 shows that the response time of a sample gas depends on 
i t s diffusivity (for a tube with a given geometry). 
Table 6 . 1 : Performance parameters of a 30 m line (0.58 mm i .d . ) 
Values of diffusion coefficients LDß), residence time ( t i * ) / sample 
flow (Fß), and response times [t ) calculated for various sample 
gases. 
Sample gas 
NjO 
Oz 
N2 
C02 
Ar 
HAL 
ENF 
ISO 
DB (ra^s-1) 
14.83xl0"6 
14.83xl0"6 
16.91xl0"6 
13.18xl0"6 
15.86xl0"6 
6.15χ1θ"6 
6.02xl0"6 
6.02ХІ0"6 
t M (s) 
18.64 
18.64 
18.64 
18.64 
18.64 
18.64 
18.64 
18.64 
FB (ml.min"
1) 
17.02 
17.02 
17.02 
17.02 
17.02 
17.02 
17.02 
17.02 
t
r
 (ms) 
155 
155 
147 
163 
151 
231 
233 
233 
Table 6.2: Performance parameters of a 2 m line 
Values of the residence time (* «)/ sample flow (Fg) and response 
time [t). for a tube with a length of 2 m and various radii, calcu­
lated for CO2 as sample gas. 
г (mm) 
0.5 
0.25 
0.2 
0.15 
t M (s) 
0.028 
0.112 
0.174 
0.310 
FB (ml.min ) 
2255 
140 
58 
18 
t
r
 (ms) 
10 
10 
10 
11 
101 
Table 6.3: Performance parameters of a 20 m and a 40 m line 
Values of the residence times (t^h sample flows [Fo) and response 
times [tl, for tubes with lengths of 20 m and 40 m, and various 
radii, calculated for CO2 as sample gas. 
r 
(mm) 
1.0 
0.5 
0.4 
0.3 
0.25 
0.2 
M 
(s) 
0.697 
2.786 
4.35 
7.74 
11.15 
17.42 
20 m 
FB 
(ml.min ) 
3608 
226 
92 
29 
14 
6 
'г 
(ms) 
104 
104 
104 
106 
109 
121 
г
п 
(s) 
2.786 
11.15 
17.42 
30.96 
44.58 
69.66 
40 m 
FB 
(ml.min ) 
1804 
113 
46 
15 
7 
3 
4 
(ms) 
208 
209 
210 
221 
244 
324 
Table 6.2 shows that the contribution of a 2 m capillary is not 
of considerable importance to the total response time of a 
mass spectrometer capillary system, which is usually about 100 ms 
for commercially' available respiratory mass spectrometers (Sodai, 
1979). On the contrary, a 20 m or 40 m inlet line will increase the 
effective response time of the system, formed by the basic response 
of the instrument and the response time of the line (see table 6.3). 
Table 6.3 shows that, for a given length of tube, the increase 
depends on the radius. The expected effective response time can be 
calculated by means of eq.6.2, if the basic réponse of the mass 
spectrometer is known. 
The relationships between some of the variables of the model will 
now be discussed for a 30 m inlet line. Fig.6.8 shows the relation-
ship between signal distortion, determined by σ, and the ratio of 
inlet- and outlet pressure. In respiratory mass spectrometers Ρ 
approximates 100, but a Ρ of 1.36 is used by Ozanne et al. (1981) in 
order to store the respiratory signal in the long inlet line. 
Fig.6.8 shows that signal distortion minimally must be doubled by 
the latter sampling mode. This has been confirmed by the same 
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Fig.6.8: Signal distortion fa) plotted against the ratio of inlet and 
outlet pressure (Pi of the tube. The semilogarithmic graph was cal­
culated for a 30 m tube (0.5 mm radius') with СО
г
 as sample gas. 
authors, who reported that the "frequency response of stored data 
was halved" compared to direct data. 
The relationship between σ and the diffusivity (D) of sample 
gases used in clinical practice is shown in fig.6.9, which illus­
trates that the value of σ not only depends on D (first term in 
eq.6.11), but also on the relation of D to the radius of a given 
length of tube (second term in eq.6.11), and thus to the average 
linear gas velocity. So О is not a monotuous function of D, as 
illustrated in fig.6.9 for the tube with the smallest radius: with 
increasing diffusivities, о first falls to a minimum, then raises 
again. Accordingly, signal distortion of two sample gases, one with 
high, the other with low diffusivity, can be equal for a given geom­
etry of the tube. However, their σ may be higher than for a sample 
gas with intermediate diffusivity. In clinical respiratory mass 
spectrometry, only the descending part of the curve is relevant 
where sample gases with the highest diffusivity have the lowest σ. 
This is due to the relations between the values of D and r which are 
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σ(Γτΐ5) 
Fig.6.9: Signal distortion (a) as a function of the diffusion coeffi­
cient for two different radii in a 30 m tube. The diffusivities of 
gases and vapours used in clinical practice are indicated. 
used in clinical practice. Tubes of relatively large diameters are 
chosen as inlet lines to ensure a short transit time. These rela­
tions will lead to a practical rule of thumb given now. 
If a high average linear gas velocity exists in the inlet line, 
eq.6.22 reduces to: 
*r
2 
H
s
 = f (6.30) 
24D 
where H is the "simplified" version of H. A "simplified" version 
of a is found by combining eqs.6.14, 6.23, 6.25, and 6.30. If 
atmospheric inlet-vacuum outlet conditions exist, if the carrier gas 
is a 70%/30% NzO/Oj mixture, and if atmospheric pressure equals 
101325 Pa, then the "simplified" apparent band broadening is given 
as: 
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L 
•D 
σ = 7.376χ10"6 (6.31) 
s 
./η
В 
Eq.6.31 shows that the response time of an inlet line will depend 
only on its length and the diffusion coefficient of the sample gas 
considered. If a sample gas with an intermediate diffusivity such as 
-ft 2 -1 
nitrogen (D- =16.91x10 m .s ) is chosen as sample gas, the com­
bination of eqs.6.24 and 6.31 yields: 
t = 0.0046 L = 0.005 L (6.32) 
Thus it can be concluded as a rule of thumb that the response time 
of an inlet line will increase 5 ros per metre (for gases with inter­
mediate diffusivities). The response time estimated with this rule 
of thumb will differ less than 10% from the real value if the second 
term in eq.6.22 is five times greater than the first, or if: 
9r 2 10D 
> (6.33) 
24Б V 
Substitution of eq.6.25 into eq.6.33, manipulating algebraically, 
and substitution of the same values for viscosity, diffusion coeffi­
cient, and atmospheric pressure as mentioned above, yield: 
L 
3 
< l.SxlO12 (6.34) 
If the condition of the last inequality, which garantuees a high 
average linear gas velocity, is fulfilled, the rule of thumb holds. 
105 
σ ( m s ) 
4 0 0 
3 0 0 
2 0 0 
1 0 0 
10' 1 1 IO 1 I O 2 I O 3 
F B ( m l - m l n - 1 ) 
Fig.6.10: Semïlogari'thmïc piot of signal distortion (σ) against sam­
ple flow (.Fa) for a 30 m tube. The radii needed for attaining the 
flow are indicated. 
Fig.6.10 shows the relationship between a and sample flow for a 
30 ш inlet line: higher flows guarantee smaller signal distortion. 
It can be seen that σ is minimally improved by a tube drawing off a 
flow higher than 10 ml.min . However, fig.6.11 shows that the res­
idence time then is 25 s. Thus there is an immediate conflict 
between a small residence time and a low sample flow for a given 
length of inlet line. 
If the three performance parameters should be kept as small as 
possible, a compromise must be made by choosing the highest sample 
flow that is acceptable and does not cause technical troubles. At 
that point a practical problem arises. When the highest acceptable 
flow, say 50 ml.min , has been chosen, an inlet line with a suit­
able diameter must be found among commercially available tubings. 
Since there is only a limited range of internal diameters, the 
resulting flow is either too high or too small. This is illustrated 
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Fig.6.11: Semilogarìthmic plot of residence time ί*Υ·) ogainst sample 
flow С F o) f of о 30 m tube. The radii needed for attaining the flow 
are indicated. 
in table 6.3. Sample flows of 7 ml.min or less, for instance, are 
too small for normal operation of a commercially available respira­
tory mass spectrometer using normally a sample flow of 20 ml.min 
A solution to this problem is offered by the combination of two 
lengths of tubing having different diameters. These "combined" tubes 
are treated in the next section. 
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6.3 PROCESS MODEL FOR COMBINED TUBES 
The distance between patient and mass spectrometer may be bridged by 
a "combined" inlet line which consists of two parts in series with 
different diameters. Provided the diameters are given, the pre­
sented model allows calculation of: 
t 
• the lengths of the two parts for any desired sample flow, or 
alternatively the sample flow for given part lengths, 
• the resulting total residence time and band broadening. 
6.3.1 Calculation of geometry or flow 
Fig.6Л2: Geometry of combined tubes. 
Suppose the sample flow is given. A combined tube may be regarded 
as a tube with uniform diameter, of which a part (z) has been 
replaced by another length of tubing (y) with different diameter 
(see fig.6.12). The flow through the combination equals the flow 
through the uniform tube. Thus the flow through ζ equals the flow 
through y. It follows that: 
ζ τ1 
У r2 
= Г 
(6.35) 
108 
where ΙΊ and т
г
 are the radii of the lengths ζ and y, respectively, 
and j" is a constant. The length j of the tube with uniform diameter 
(tube I) can be calculated from the desired sample flow by means of 
eq.6.10. The length of the combined tube (tube II) is the distance 
to be bridged (j'). After rearranging eq.6.35, the following system 
of equations is obtained: 
1 + ζ = j (6.36) 
1 + У = j' (6.37) 
ζ = yj" (6.38) 
where j, j 1 and j" are known. The three unknowns 1, y, and ζ can be 
calculated from this system of equations. Suppose for instance a 
distance of 30 m is to be bridged by a combined inlet line, sucking 
off 25 ml.min of a 70%/30% К
г
0/02 mixture at atmospheric pressure. 
Tubings with an internal diameter of 0.2 mm and 1 mm are available. 
The combined tube must be a combination of 0.24 m (0.2 mm i.d.) and 
29.76 m (1 mm i.d.). 
If the lengths of the two parts are given (instead of the sample 
flow) a similar system of equations is obtained, allowing to calcu­
late the unknowns (sample flow, z). 
6.3.2 General formulae 
The formulae derived for a tube with uniform diameter are applied to 
each part of the combined tube, taking into account the appropriate 
pressures (p., ρ-,, ρ ) and pressure ratios. This leads to the per­
formance parameters of the combination. The following pressure rat­
ios are used: 
pi / po = P ( t u b e I ) ( 6 · 3 9 ) 
P1/po = P' (tube II) (6.40) 
Combining eqs.6.39 and 6.40 yields: 
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ρ./ρ1 = Ρ/Ρ' (tube II) (6.41) 
The results of interest from the algebraic manipulation will be 
given in an appendix at the end of this chapter. 
6.3.3 Calculation of performance parameters 
A program JOSCOM, based on the general formulae for combined tubes, 
was written in Fortran. Fig.6.13 shows that JOSCOM had two ver­
sions, depending on the input variables. 
[У.І] or [FB] 
σ — t r 
Fig.6.13: The input and main output variables of the program 
JOSCOM. The sample flow or the lengths of the parts are alterna­
tively used. 
One version of the program (sample flow is given) is now illus­
trated. Suppose the distance between patient and mass spectrometer 
is 20 m. The available tubings have an internal diameter of 0.38 mm 
and 1 mm, whereas the highest acceptable sample flow is 
67.5 ml.min . The carrier gas mixture is a 70%/30% N 20/0 2 gas mix­
ture at 298K with a viscosity of 16.54x10 Pa.s and the sample gas 
-6 2 -1 is C0 2 with a ternary diffusion coefficient of 13.18x10 m .s 
The ratio Ρ is 100. 
The two possible solutions are shown in table 6.4. The pressure 
versus distance function and the velocity profile were calculated 
for the tube offering the smallest apparent band broadening, accord­
ing to the eqs.6.44 and 6.45 on one hand, and the eqs.6.49 and 6.50 
on the other. The profiles are shown in fig.6.14 and fig.6.15. 
HO 
Table 6.4: Two solutions for a combined tube of 20 m 
The performance parameters and other variables of a 20 m tube 
using two parts with an Internal diameter of 0.2 mm and 1 mm. 
Solution I 
First part Second part 
Solution II 
First part Second part 
radius (mm) 
length (m) 
pressure ratio 
S (m.s"1) 
t M (s) 
σ (s) 
F- (ml.min" ) 
total tj. (s) 
total α (s) 
0.19 
0.997 
1.875 
12.55 
0.08 
0.003 
( 57. 
4. 
0. 
.5 
.798 
.039 
0.5 
19.003 
53.34 
4.027 
4.719 
0.039 
0.5 
19.003 
1.182 
1.548 
12.27 
0.096 
67, 
12. 
0. 
0.19 
0.997 
84.59 
17.59 
0.06 
0.002 
.5 
.33 
.096 
6.3.4 Discussion 
These calculations illustrate that a combined tube allows to attain 
any desired sample flow. The length of tubing with the smallest 
diameter is to be used at the inlet side of the combined tube in 
order to ensure the smallest o. This sequence will be used through­
out the further study. The question is raised if the other perform­
ance parameters of the combined tube are identical to those of a 
uniform tube, which would bridge the same distance and draw off the 
same sample flow. Therefore the results for a 20 m combined tube, 
listed in table 6.4, are compared with those of a uniform tube. 
A program J0SUT was written which first calculates the necessary 
radius of the uniform tube (via eq.6.10), then calculates its tran­
sit time and response time (see fig.6.16). Table 6.5 shows that the 
combined tube has a smaller residence time and a smaller response 
time. 
The pressure and velocity versus distance functions are illus­
trated in the figures 6.14 and 6.15, showing that the gas in the 
111 
Fig.6 .14: Pressure versus distance functions of a 20 m (i+yì com-
bined tube and a 20 m uniform tube (same sample flow). Ρ = 100. 
ν
χ
/ν
χ
· (ms ) 
300 
200 
100 
Fig.6.15: Semilogarithmic plot of the mean velocity versus distance 
functions of a 20 m combined tube and a 20 m uniform tube having 
the same sample flow. Ρ = 100. 
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JOSUT • t M 
Fig.6.16: 
JOSUT. 
The input and main output variables of the program 
Table 6.5: Comparison of a combined tube with a uniform one 
Values of the performance parameters for a 20 m combined and a 
20 m uniform tube with identical sample flow; C02 is the sample gas 
in a 704/304 Н
г
ОІО
г
 carrier gas mixture. 
Combined tube 
ri 
гг 
Γ 
FR 
h\ 
a 
К 
(mm) 
(mm) 
(mm) 
(ml.min"1) 
(s) 
(s) 
(s) 
0.19 
0.5 
67.5 
4.798 
0.039 
0.100 
Uniform tube 
0.3698 
67.5 
5.093 
0.041 
0.105 
first part of the combined tube reaches a much higher linear 
velocity than in the corresponding length of the uniform tube. At 
the junction of both parts, the linear gas velocity drops drasti­
cally, and follows from there very closely the velocity versus dis­
tance function of the uniform tube. The ratio of the velocities at 
2 2 
both sides of the junction equals r2 /ri (law of mass conserva­
tion). At the outlet the velocity of the uniform tube is higher. 
The average linear gas velocities in the two parts of the combined 
tube (12.55 m.s" and 4.027 m.s ) are both higher than the average 
linear gas velocity in the uniform tube (3.927 m.s ). Accordingly, 
the total residence time will be shorter for the combined tube; the 
resulting total response time is also shorter. 
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In the foregoing example, lengths of tubing with commercially 
available diameters were used for the two parts of the combined 
tube. However, the question may be raised if the performance parame-
ters could be further optimized by the use of tubings with internal 
diameters which are not currently available. This question will be 
answered in chapter 9. 
In conclusion, the mathematical model presented allows to predict 
the performance parameters of ideal (no gas-tube interaction) inlet 
lines. The performance of real tubes made of various materials will 
be investigated in the next chapter. 
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APPENDIX 
In this appendix the length 1 will be written I to avoid confusion 
with the number one (1). 
The pressure versus distance function. 
Similarly to eq.6.6, the pressure versus distance function in tube I 
is given by: 
χ (P2-i) 
p
x
 = pi V[ 1 " ] і в Л 2 ) 
(t+z) P2 
Substitution of χ by £ in eq.6.42 yields the local pressure at a 
distance t, which is given as: 
t (P2-l) 
Pj = Pi •[ 1 ] (6.43) 
(fc+z) P2 
Analogously to eq.6.6, the pressure versus distance function in tube 
II is given by: 
χ (P2-?'2) 
p
x
 = pi / [ 1 " 1 (0 < χ < й) (6.44) 
i Ρ2 
χ' (P,2-l) 
Ρ
χ
. = Ρ
ι
 Λ 1 ] (0 < χ' < y) (6.45) 
У Ρ'
2 
where χ' is a new coordinate in the axial direction, with its origin 
at the junction of the two parts of tube II. Substitution of 
eq.6.43 into eq.6.40 and combining with eq.6.39 yields: 
I (P2-l) 
Ρ' = Ρ •[ 1 ] (6.46) 
U+z) P2 115 
Similarly to eq.6.20 the average pressure in tube II is given as: 
2 (P
3
-P'3) 
Pi = - Pi (6-47) 
3 p^-p· 2) 
2 (P
,3
-l) 
P2 - - Pi (6.48) 
3
 P(P,2-1) 
where pi and pg are the average pressures in the first and second 
part of tube II, respectively. 
Mean velocity versus distance function. 
Similarly to eq.6.8, the mean velocity versus distance function in 
tube II is given by: 
РіГг 
(Ρ2-?'2) 
7 = χ { } for 0<χ<11 (6.49) 
16η* χ (Ρ 2-Ρ ι 2) 
Ρ
2
 •[ 1 ] 
i Ρ 2 
Р ^ г
2
 (Ρ,2-1) 
ν
χ
ι = χ { } for 0<xI<y (6.SO) 
Іблу χ' (P,2-l) 
Ρ'
2
 •[ 1 
У Ρ
1 2 
The average velocity in tube II is given as: 
3 ρ.
Γ ι
2
 (Ρ 2-?' 2) 2 
Va = (6.51) 
32 ni P(P 3-P l 3) 
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3 р.г2
2
 (P , 2-l) 2 
^2= (6.52) 
32 ηγ Р(Р,3-1) 
where ^ and ^ 2 a r e the average velocities in the first and second 
part of tube II, respectively. 
Band broadening. 
The diffusion coefficients at average pressure in tube II are found 
after combination of eqs.6.19 and 6.47, yielding: 
3 PCP
2
-?*2) 
Di = - D i (6.53) 
2 (p3-p'3) 
and after combination of eqs.6.19 and 6.48, yielding: 
.•2. 
D2 = - D i (6.54) 
2
 (P,3-l) 
where Di and D2 are the diffusion coefficients at average pressure 
in the first and second part of tube II, respectively. Relative 
band broadenings are given as : 
Di ^ІГІ 2 
Ht = ( 2 — + ) f' (6.55) 
х^ 240! 
Sa ^ г г 2 
Нг - ( 2 — + ) f" (6.56) 
?2 2402 
where Hi, and H2 are the relative band broadening in the first and 
second part of tube II, respectively; Giddings correction factors in 
the first and second part of tube II are given as : 
3 PCP"-!) 
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9 ( P 4 - P , 4 ) ( P 2 - P , 2 ) 
f' = (6.57) 
β ( Ρ 3 - ? ' 3 ) 2 
9 ( Ρ , 4 - 1 ) ( Ρ , 2 - 1 ) 
f" = (6.58) 
8 ( P , 3 - l ) 2 
Residence time and variance. 
The t o t a l re s idence time i s given a s : 
t У 
t T = t j + t 2 = — + — (6.59) 
Vi V2 
where ti and t2 are the residence time in the first and second part 
of tube II, respectively. The total variance is given as: 
IHa yH2 
σ
τ
2
 = Oj 2 + σ 2 2 = + (6.60) 
^
2
 * 2
2 
2 2 
where Oj and σ 2 are the variance in the first and second part of 
the tube, respectively. 
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CHAPTER 7 
PERFORMANCE OF LONG SAMPLING TUBES: EXPERIMENTS 
This chapter is set out in two parts; the first describes the exper-
imental study in the laboratory, and the second part illustrates the 
clinical use of long sampling tubes. 
7.1 EXPERIMENTAL STUDY IN THE LABORATORY 
Tubes of various materials were tested since the interaction between 
gas phase and tube material was known to influence response time. 
Once a tube with acceptable performance parameters had been 
selected, a sampling system for several patients could be con-
structed. 
The five stages of the experimental study were: 
(1) A pilot study was made with polyethylene tubes of different 
geometry to test not only their properties, but also the experimen-
tal set-up. Polyethylene was chosen to start with, since some 
results from another study were available although the experimental 
conditions were different (Gillbe, Heneghan and Branthwaite, 1981). 
(2) The Centronic standard capillary was tested. 
(3) Tubes of teflon, PVC, steel, glass, and nylon were evaluated. 
In the course of this stage, it became clear that the nylon under 
study had favourable qualities. The fourth objective of this thesis 
given in chapter 1 was, therefore, reformulated to limit the number 
of tests with this material, and to search directly for an inlet 
line meeting practical needs. Thus the objective was to select an 
inlet line showing the following properties: 
• Length = 30 m. This length allows the remote operation of a mass 
spectrometer in most situations. 
• Sample flow = maximally 50 ml.min" (air). This limit was chosen 
for two reasons. Firstly, it was considered small enough to 
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avoid problems mentioned for high flows. Secondly, the process 
model predicts, for the chosen length and flow, a transit time 
and response times acceptable in clinical practice. 
• Transit time and response times approximating those predicted by 
the model. 
• Easy to handle. 
(4) The selected nylon inlet line was tested in combination with a 
solenoid valve, then redesigned for clinical use and tested again. 
(5) A multi-patient inlet system using four of the selected lines 
and valves was constructed. 
The inlet lines were fitted to the normal inlet port since plumbing 
in the inlet system of the mass spectrometer was avoided. 
7.1.1 Materials and methods 
Step changes in partial gas pressure of sample gases were generated 
in a 70%/30% N2O/O2 carrier gas mixture, since this is the most 
widely used anaesthetic gas mixture. A step change was chosen from 
the three model inputs illustrated in fig.6.4, since it was more 
easily produced than the others. The apparatus used for generating 
the step changes was described in chapter 5. Step changes of 10 kPa 
(or approximately 10% of atmospheric pressure) guaranteed on one 
hand a strong change in the electrical output signal of the mass 
spectrometer, but did not dilute excessively the carrier gas mixture 
on the other hand. 
A set of rotameters delivered NjO, 02, N2, C02, and Ar. 
Halothane, enflurane, and isoflurane were vaporized in a Cyprane 
Fluotec Mk III, a Cyprane Enfluratec, and a Draeger Vapor, respec-
tively. Gas mixtures were led to the two chambers of the step change 
apparatus via two independent systems. The mass spectrometer was 
calibrated via the inlet line to be tested. An air conditioned room 
was selected for the experiments to avoid temperature and humidity 
changes. The set-up is illustrated in fig.7.1. 
120 
stf ρ change 
device 
τ-
1 — I J |_ one shot 
mass 
spectrometer 
chart 
recorder 
scope 
Fig.7.1: Experimental set-up. A step change in partial gas pres­
sure is generated at time tt. The trigger signal and the signal of 
the sample gas under study are fed to the AD-converter of the 
MI NC. 
The following step changes were produced: 
N 20 
o2 
N 2 
C0 2 
Ar 
volatiles 
on transients 
65 ·* 75% 
25 •* 35% 
0 •• 10% 
0 •+ 10% 
0 - 10% 
0 •* 3% 
off transients 
75 •* 65% 
35 -• 25% 
10 •* 0% 
10 •* 0% 
10 •* 0% 
3 -» 0% 
The sample gases N2O, 0
г
, СОг, М
г
, Ar, halothane, enflurane, and 
isoflurane were measured on the m/q values 30, 32, 44, 28, 40, 117, 
51, and 51, respectively. Each transient was carried out three to 
ten times, with or without the anaesthetics module. The mass spec-
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trometer output signal of the gas under study and the trigger signal 
from the step change apparatus were fed on-line to the AD-converter 
of the MINC computer. However, during the pilot study for polyethy-
lene tubes, both signals were recorded on the Hewlett Packard 
instrumentation recorder. Visual control of all signals was possible 
on the eight channel Gould Brush chart recorder. During on-line data 
acquisition, the mass spectrometer output signal of the gas under 
study was also visible on a Hewlett Packard oscilloscope. 
Fig.7.2: Two examples of a response to a step function. The dif-
ference between the curve fitting according to a normal probability 
integral model (left) or an exponential model (right) is illustrated. 
The data acquisition was followed by data analysis using the pro-
gram MASFIE which performed curve fitting on the digitized transient 
signal. This least squares fitting program used alternatively an 
exponential or a normal probability integral fitting model (see 
2 
fig.7.2). The best fitting curve was indicated by the smallest X . 
MASFIE calculated response times and transit times. 
Gas flows were measured with the bubble flow meter described in 
chapter 5. For practical purposes, flows were measured when sampling 
room air. Accordingly, all observed and calculated values for flows, 
which are given in the text or tables, have been measured or calcu-
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lated with air to facilitate direct comparison. The sample flow of 
an inlet line is one of the input variables of JOSCOM. Since the 
sample flows were measured with air, the value of the sample flow 
fed to JOSCOM was divided by 0.89, i.e. the relationship between the 
viscosity of air and of a 70%/30% N2O/O2 gas mixture (Nunn, 1977). 
The inlet lines used during the experimental study were made of 
commercially available tubing: 
polyethylene 
polyethylene 
polyethylene 
teflon 
PVC 
steel 
nylon 
nylon 
0.38 mm i.d. 
0.58 mm i.d. 
1 mm i.d. 
0.58 mm i.d. 
0.58 mm i.d. 
0.5 mm i.d. 
0.25 mm i.d. 
1.07 mm i.d. 
fused silica 0.2 mm i.d. 
Portex 800/110/120 
Portex 800/110/200 
Portex 800/110/300 
Talas (Ommen, Holland) 
Talas 
Chrompack (Middelburg, Holland) 
Portex 800/205/100 
Chrompack 
The solenoid valves were manufactured by Kuhnke. 
7.1.2 Results 
The results of the experimental study are now presented and compared 
with those predicted by the process model. All values given for the 
residence times apply to the on transients of nitrogen, and were 
measured on the normal probability integral fits (except for the 
Centronic capillary). The presented results of response times and 
residence times are the means of three to ten measurements; the num­
ber of measurements and the standard errors of means are given. The 
results for the sample flows are the means of two measurements. The 
best fitting curve found by MASFIE is indicated in the tables by an 
E (exponential fit) or an N (normal probability integral fit). 
Differences between the means were investigated with an unpaired 
Student's t-test; Ρ < 0.01 was considered significant. The results 
for each type of inlet line will be followed by a specific discus­
sion, whereas a more general discussion is given at the end. 
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7.1.2.1 Centronic inlet capillary 
The results for this capillary, i.e. an unheated capillary with a 
length of 1.25 m, are given first, since it is useful to have an 
estimation of the "basic response' of the mass spectrometer before 
the results of the long inlet lines are presented. The diameter of 
the capillary was not exactly known, but is in the range from 0.25 
to 0.30 mm. A value of 0.293 mm, which was calculated from the meas-
ured flow and length of the capillary, was used in the calculation 
of the performance parameters. Table 7.1 lists the results for the 
measured and calculated performance parameters. 
The measured residence time (0.216 s) is 0.089 s longer than pre-
dicted by the model (0.127 s). It should be remembered that the 
model only calculates the residence time for the capillary itself, 
and not for other parts of the gas handling system or a possible 
delay produced in the step change apparatus. 
Table 7.1 shows great differences between the response times pre-
dicted by the model and the measured values. It may be concluded 
that the contribution of the capillary to the response time of the 
mass spectrometer-capillary system is not of considerable impor-
tance. Another explanation would suppose a strong interaction 
between all gases and the capillary wall. However this will not be 
supported by the results for nitrogen and argon in any of the long 
inlet lines. Since the response times for N2O, 0Z, and CO2 do not 
differ considerably from the response times of nitrogen and argon, 
it is concluded that the presented values are due to the instru-
ment's basic response, which is theoretically defined as the 
response after a step change created in front of the molecular leak. 
This view is supported by the exponential form of the transient sig-
nals of all gases, explained by a wash-out process. It will be seen 
in the experiments with the long inlet lines that the exponential 
curve will change into a curve with the shape of the normal prob-
ability integral. 
The 10% to 90% response times shown in table 7.1 are in good 
agreement with those reported in the literature. It is concluded 
that the step function, generated by the step response device, has a 
time constant short enough in comparison to the events to be meas-
ured, and that the experimental set-up produces reliable values. 
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Table 7 . 1 : Performance parameters of the Centronic capillary 
Experimental and predicted values for the residence time ( tw ) / sam-
ple flow (Fa], and response times [t ) for various sample gases 
with or without the anaesthetics module (+ or - in column M). 
Column N shows the number of experiments, and column F shows 
the best fitting model: exponential (E) or normal probability inte-
gral (N). Significant differences (P < 0.01) are indicated in col-
umns I (between anaesthetics module on or off) and in column II 
(between on and off transients) with ' * ' . 
Measured tM = 0.216 s (SEM = 0.001) ( ca l cu l a t ed tM = 0.127 s) 
Measured F» = 24 ml.min 
Gas M 
N20 + 
NzO -
Oz + 
02 -
Nj + 
N2 -
CO2 + 
CO2 -
Ar + 
Ar -
HAL + 
HAL -
ENF + 
ISO + 
On 
N F 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
3 E 
3 E 
3 E 
3 E 
transients 
tr(ms) SEM I 
59 1 
62 1 
70 2 
69 2 
64 1 
60 1 
75 1 
69 2 
65 1 
65 1 
362 4 
364 5 
286 1 
280 4 
Off 
N F 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
5 E 
3 E 
3 E 
3 E 
3 E 
transients 
tr(ms) SEM I 
64 1 
68 1 
68 1 
68 1 
61 1 
60 1 
73 2 
71 1 
68 1 
65 1 
359 3 
355 1 
300 1 
270 2 
Model 
tr(ms) 
6 
6 
6 
6 
6 
6 
7 
7 
6 
6 
10 
10 
10 
10 
II 
* 
A 
125 
The response times shown for the volatile anaesthetics, in 
particular halothane, are long. This was a real problem, especially 
because the response time for halothane was deteriorating over a 
period of a few months. Neither replacing used for brandnew capil-
laries, nor changing the method of generating the step function at 
the inlet (swift withdrawal of the capillary from a gas mixture con-
taining halothane) did offer any improvement. Even the use of an 
inlet capillary made of fused silica, known in gas chromatography as 
a very inert material, did not improve the response time for halo-
thane. It was concluded that the basic response of the instrument 
for halothane was much longer than expected, or that the performance 
of the mass spectrometer had worsened in the course of time since 
its manufacturing. Spence and Davis (1981), for instance, reported a 
0% to 90% response time of 235 ms for halothane measured with the 
Centronic 200 MGA. 
The differences found between the response times of the same gas 
either with the anaesthetics module or without are statistically not 
significant, and of no practical importance. The same holds for dif-
ferences between on and off transients of the same gas, except for 
N20 that shows a small difference. 
Since the Centronic capillary is expensive, a capillary was home 
made using nylon with an internal diameter of 0.25 mm. The length 
was the same as the original capillary, i.e. 1.25 m, but the sample 
flow was 13 ml.min , which could be expected from the model pre-
dicting 12.5 ml.min . The resulting response times for all sample 
gases were very near those of the original capillary, although the 
residence time was slightly longer (0.265 s). The difference between 
the measured and the theoretical residence time was about the same 
as for the original capillary (0.091 s). The halothane response 
times, 0.436 s and 0.447 s for the on and off transient respec-
tively, were significantly longer than for the original capillary. 
7.1.2.2 Polyethylene tubes 
Three lengths (9.85 m, 20 m, and 30 m) of polyethylene tubing with a 
uniform diameter of 0.58 mm, and two combined tubes with a total 
length of 29.5 m (4.1 m + 25.4 m) and 30 m (1 m + 29 m) were tested. 
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The parts of the combined tubes had an internal diameter of 0.38 mm 
and 1 mm. The results are shown in tables 7.2, 7.3, 7.4, 7.5, and 
7.6. The results for the different types of tubes are discussed in 
three steps: first the tubes with uniform diameter, then the com­
bined tubes are treated, and lastly some general remarks for the two 
types are made. 
Tubes with uniform diameter 
The observed values of the response times for the various sample 
gases may be classified into three groups: the nitrogen-argon group, 
halothane, and the group containing the rest of the sample gases 
(NjO, 0 2, C0 2). As an example of the first group the observed and 
calculated (model) values for the off transients of argon measured 
without the anaesthetics module are illustrated in fig.7.3, showing 
a nearly linear relationship between t and tube length. This was 
expected from eq.6.32. The gap between the observed and theoretical 
values is due to the basic response of the mass spectrometer. 
tptrn: 
2 0 0 -
150-
100-
5 0 -
9 85 20 30 
L ( m ) 
F i g . 7 . 3 : Regression lines through the calculated (model) ( · ) and 
observed (Δ) values for the off transients of argon Canaesthetlcs 
module off) plotted against the length of polyethylene tubes with 
0.58 mm I.d.. The third regression line is fitted through the values 
(o) obtained by means of eq.6.2 allowing to correct the observed 
values for the contribution of the basic response of the mass spec­
trometer from table 7.1. Vertical bars represent 3xSEM. 
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The observed total response times of the combinations long line 
and mass spectrometer can be corrected by means of eq.6.2, if the 
observed value for argon obtained with the 1.25 m capillary (65 ms: 
see table 7.1) is used as the basic response time of the mass spec-
trometer. Fig.7.3 shows that the corrected values are very close to 
the theoretical values. It is concluded for this first group that 
the theoretical limits for the response times are approached, and 
that neither nitrogen nor argon interacts with polyethylene tubing. 
The last conclusion is supported by the observation that the tran-
sients for argon and nitrogen have the shape of the normal probabil-
ity integral for all three lengths of tubing, as predicted by the 
process model. 
Halothane has very long response times, increasing exponentially 
with length. A very strong interaction between halothane and polye-
thylene is likely. 
The response times for the third group (N20, O2, CO2) are situ-
ated between those of the first two groups. Response times are 
increasing exponentially with length, and the gap between observed 
and model values is increasing accordingly (fig.7.4). An intermedi-
ate interaction between gas phase and tube is suggested. 
Combined tubes 
The same three groups defined above can be recognized in tables 7.5 
and 7.6, although the disparity between the response times of the 
groups is smaller, owing to the shorter response times for NjO, 0Z, 
CO2, and halothane in comparison with those obtained with the 30 m 
tube with uniform diameter. Thus the 29.5 m combined tube performs 
better than the 30 m tube with uniform diameter having a comparable 
sample flow. Comparing the results of both combined tubes show that 
a higher sample flow shortens markedly the response time for halo-
thane. The performance parameters of the second combined tube are 
acceptable in clinical practice, except for the response time of 
halothane. 
AH tubes 
The effect of the anaesthetics module on the response time of an 
individual gas is puzzling. No statistically significant differences 
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are found in the argon/nitrogen group. Carbon dioxide transients 
could not be measured without anaesthetics module because of a too 
noisy signal, which was probably due to the combination of the small 
C02-signal in the high NaO-signal and the use of a tape recorder. 
tr(ms) 
400 
300 
200 
100 
9 85 20 30 
L Cm) 
Fig.7.4: Values of observed response times for Nz0 and Oz [on 
transients'), measured with the anaesthetics module [+) or with-
out (-), plotted against the length of polyethylene tubing with 
0.58 mm i.d.. Vertical bars represent 3xSEM. 
An example of the ti20/02 group is shown in fig.7.4, where the 
values of the on transients for N20 and 0Z are illustrated for tubes 
with uniform diameter. Without the anaesthetics module, response 
times for oxygen are longer than those for nitrous oxide. If the 
anaesthetics module is switched on, the response times for both 
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gases are "averaged" since the on transient of either NjO or Oj is 
imperatively accompanied by an off transient of Oj or NjO, respec-
tively. Accordingly, the differences found between the transients 
of 0 2 and N2O measured with the anaesthetics module are much smaller 
and statistically not significant, except for the 30 m line (see 
tables 7.2, 7.3, and 7.4). Thus the anaesthetics module influences, 
as expected, the dynamic accuracy of the mass spectrometer. 
An analogous situation is seen for the off transients of the uni-
form tubes: response times for 0 2 are longer than for NjO, and are 
averaged with the anaesthetic mode on (no significant differences 
exist between the transients for N20 and 0 2 with the anaesthetic 
mode on). 
The same observation (t Og > t NjO) was made for the on and off 
transients of the combined tubes without the anaesthetics module. A 
similar "averaging" effect of the anaesthetics module was observed, 
although the smaller differences remained significant. 
The disparity between the on and off transient for one sample gas 
was statistically significant in 25 cases. The on transients for Ar, 
O2, Ng, and CO2 were invariably longer in these cases than the off 
transients; they were shorter for N2O and halothane (with exception 
in one case for halothane). These differences are not well docu-
mented in the literature, since mostly only off transients are 
reported. 
Conclusion. From the results of the pilot study with polyethylene 
tubes, the following is concluded: (1) the limits of the process 
model can be experimentally approached if sample gases do not inter-
act with the tube material; (2) a combined tube shows shorter 
response times and residence time than a uniform tube with compara-
ble sample flow; (3) on-line data acquisition is to be preferred; 
(4) polyethylene is not suitable for clinical practice, because of 
its very strong interaction with halothane. Therefore other materi-
als were investigated. 
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Table 7.2: Polyethylene tube: 9.85 m length, 0.58 mm ¡.d. 
Experimental and predicted values for the residence time ( t w ) , sam-
ple flow (Fß), and response times ( t J for various sample gases 
with or without the anaesthetics module (+ or - in column M). 
Column N shows the number of experiments, and column F shows 
the best fitting model: exponential (E) or normal probability inte-
gral (/V). Significant differences (P < 0.01) are indicated in col-
umns I with ' * ' (between anaesthetics module on or off), and in 
column II with '*' (between on and off transients). The differences 
between the on transients of N20 + and Oz *, and between the off 
transients of N¿0 + and О2 + (column III) were not significant. 
Measured t M = 2.104 s (SEM = 0.001) ( c a l c u l a t e d t . , = 2.009 s) 
Measured F_ = 50 ml.min ( c a l c u l a t e d F,, = 46 ml.min ) 
Gas M 
N2O + 
N2O -
O2 + 
O2 -
N2 + 
N2 -
CO2 + 
Ar + 
Ar -
HAL + 
HAL -
On transients 
N F t
r
(ms) SEM I 
7 N 90 2 * 
7 N 76 2 
7 N 94 4 * 
7 E 117 5 
7 N 85 2 
7 N 81 1 
7 N 101 1 
9 N 89 1 
8 N 92 1 
7 E 599 9 * 
8 E 659 7 
Off transients 
N F t
r
(ms) SEM I 
7 N 93 5 
7 N 83 2 
7 N 86 3 * 
7 E 112 6 
8 Ν 80 2 
7 Ν 83 2 
7 Ν 101 2 
7 Ν 84 2 
7 Ν 85 2 
7 Ε 750 18 
7 Ε 691 13 
Model 
t
r
(ms) 
49 
49 
49 
49 
46 
46 
52 
47 
47 
75 
75 
II 
* 
* 
III 
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Table 7 .3 : Polyethylene tube: 20 m length, 0.58 mm i .d . 
Experimental and predicted values for the residence time ( t \# ) * sam-
ple flow CFßh ond response times [tr) for various sample gases 
with or without the anaesthetics module (+ or - in column M). 
Column N shows the number of experiments, and column F shows 
the best fitting model: exponential [E) or normal probability inte-
gral (N). Significant differences (P < 0.01) are indicated in col-
umns I with '*' [between anaesthetics module on or off), and in 
column II with '*' (between on and off transients). The differences 
between the on transients of Ы20 * and 02 +, and between the off 
transients of NzO + and Oz + (column III) were not significant. 
Measured t M = 8.011 s (SEM = 0.001) ( c a l c u l a t e d t « = 8.283 s) 
Measured F_ = 25 ml.min" ( c a l c u l a t e d F B = 23 ml.min ) 
Gas M 
N2O + 
N2O -
O2 + 
O2 -
N2 + 
N2 -
CO2 + 
Ar + 
Ar -
HAL + 
HAL -
On transients 
N F t
r
(ms) SEM I 
7 N 139 6 * 
7 N 117 2 
6 E 160 9 
6 E 207 13 
7 Ν 130 2 
7 Ν 132 4 
7 E 208 3 
7 Ν 142 2 
7 Ν 152 3 
7 Ε 2598 32 * 
5 Ε 2873 26 
Off transients 
Ν F t
r
(ms) SEM I 
6 Ν 166 6 * 
6 Ν 129 3 
6 Ν 145 5 * 
5 Ε 183 6 
7 Ν 123 2 
7 Ν 121 2 
7 Ε 210 6 
7 Ν 121 1 
7 Ν 123 1 
7 Ε 2945 33 * 
7 Ε 2699 18 
Model 
t
r
(ms) 
100 
100 
100 
100 
95 
95 
106 
97 
97 
153 
153 
II 
* 
* 
* 
* 
* 
* 
III 
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Table 7.4: Polyethylene tube: 30 m length, 0.58 mm L d . 
Experimental and predicted values for the residence time Сд*)* sam­
ple flow С F n), and response times [t ) for various sample gases 
with or without the anaesthetics module f+ or - in column M). 
Column N shows the number of experiments, and column F shows 
the best fitting model: exponential (E) or normal probability Inte­
gral (N). Significant differences (P < 0.01) are indicated In col­
umns I with '*' [between anaesthetics module on or off), in 
column II with '*' [between on and off transients), and in col­
umn III with '§' [between the on transients of N20 * and 02 +). 
The differences between the off transients of NzO * and Oz * [col­
umn III) were not significant. 
Measured t » = 17.750 s (SEM = 0.004) ( c a l c u l a t e d t « = 18.64 s) 
Measured F B = 16 ml.min ( c a l c u l a t e d F B = 15 ml.min ) 
Gas M 
NzO + 
N2O -
O2 + 
O2 -
N2 + 
N2 -
СОг + 
Ar + 
Ar -
HAL + 
HAL -
On transients 
N F t
r
(ms) SEM I 
4 E 258 5 * 
S N 185 6 
S E 294 2 * 
4 E 354 17 
4 Ν 187 6 
S N 182 4 
3 E 505 18 
5 Ν 206 4 
5 Ν 220 3 
3 Ε 7512 78 * 
5 Ε 8277 116 
Off transients 
Ν F t
r
(ms) SEM I 
5 E 285 11 * 
4 Ν 222 7 
4 E 245 10 * 
5 E 308 12 
S N 163 2 
SN 165 2 
5 E 414 11 
3 Ν 173 4 
3 Ν 171 2 
4 E 8931 468 
5 E 9088 161 
Model 
t
r
(ms) 
155 
155 
155 
155 
147 
147 
163 
151 
151 
231 
231 
II 
* 
* 
* 
* 
* 
* 
* 
* 
III 
§ 
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Table 7.5: 29.5 m polyethylene combined tube: 4.1 * 25.4 m. 
Experimental and predicted values for the residence time Ctuh sam-
ple flow [Fgì, and response times ( t i for various sample gases 
with or without the anaesthetics module (+ or - In column M). 
Column N shows the number of experiments, and column F shows 
the best fitting model: exponential (E) or normal probability inte-
gral (N). Significant differences (P < 0.01) are indicated in col-
umns I with '*' (between anaesthetics module on or off), in 
column II with '*' (between on and off transients), and In col-
umn III with '§' (between the on transients of NzO + and 0
г
 +) and 
with 'β ' (between the off transients of N20 * and 0Z +). 
Measured t M = 16.063 s (SEM = 0.003) ( c a l c u l a t e d t » = 14.30 s) 
Measured F„ = 16 ml.min ( c a l c u l a t e d F B = 18 ml.min ) 
Gas M 
N2O + 
N2O -
O2 + 
O2 -
N2 + 
N2 -
CO2 + 
Ar + 
Ar -
HAL + 
HAL -
On transients 
N F t
r
(ms) SEM I 
6 N 201 3 * 
7 N 159 4 
8 E 232 6 * 
7 E 285 6 
7 Ν 176 6 
7 Ν 163 6 
7 E 309 9 
7 Ν 180 6 
7 Ν 184 6 
5 Ε 3595 111 
5 Ε 3926 54 
Off transients 
Ν F t
r
(ms) SEM I 
8 Ν 226 6 * 
7 Ν 189 9 
8 Ν 184 2 * 
7 Ε 253 4 
7 Ν 152 6 
7 Ν 155 3 
7 Ν 243 7 
7 Ν 168 5 
7 Ν 162 4 
5 Ε 4546 124 
5 Ε 4090 47 
Model 
t
r
(ms) 
140 
140 
140 
140 
135 
135 
146 
137 
137 
200 
200 
II 
* 
* 
ft 
* 
III 
§ @ 
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Table 7.6: 30 m polyethylene combined tube: 1 + 29 m. 
Experimental and predicted values for the residence time ltM], sam-
ple flow ( f g ) , and response times (t ) for various sample gases 
with or without the anaesthetics module (+ or - in column M). 
Column N shows the number of experiments, and column F shows 
the best fitting model: exponential (£ ) or normal probability inte-
gral (/V). Significant differences [P < 0.01) are indicated in col-
umns I with '*' (between anaesthetics module on or off), in 
column II with '*' (between on and off transients), and in col-
umn III with '(a' (between the off transients of N20 * and О
г
 +). 
The differences between the on transients of NzO * and 02 + were 
not significant. 
Measured t . . = 10.833 s (SEM = 0.002) ( c a l c u l a t e d t M = 9.64 s) 
Measured F
n
 = 48 ml.min ( c a l c u l a t e d T„ = 52 ml.min ) 
Gas M 
NzO + 
N2O -
O2 + 
O2 -
N2 + 
N2 -
CO2 + 
Ar + 
Ar -
HAL + 
HAL -
On transients 
N F t
r
(ms) SEM I 
6 N 182 8 
5 N 151 4 
7 N 193 2 * 
7 E 246 2 
7 N 157 5 
7 N 167 5 
7 N 230 4 
7 N 170 5 
7 N 182 5 
7 E 2171 56 
5 E 2335 103 
Off transients 
N F t (ms) SEM I 
7 Ν 198 4 
7 Ν 184 6 
7 Ν 176 2 
4 Ν 179 3 
7 Ν 158 4 
6 Ν 153 3 
7 Ε 238 11 
10 Ν 158 4 
10 Ν 154 4 
5 Ε 2205 142 
5 Ε 2224 105 
Model 
t
r
(ms) 
144 
144 
144 
144 
136 
136 
153 
140 
140 
222 
222 
II 
* 
* 
* 
* 
III 
@ 
135 
7.1.2.3 Various materials 
A brief review is now given of the materials which were tested but 
discarded for further study or clinical use: teflon, PVC, steel, and 
glass. 
Teflon 
Table 7.7: Teflon tube: 30 m length, 0.58 mm i .d . 
Experimental and predicted values for the residence time it,,), sam-
ple flow [Fßi, and response times ( t ) (on transients') for various 
sample gases with the anaesthetics module ( + in column M). 
18.7 s (SEM = 0.0) (calculated tM = 18.6 s) 
14 ml.min (calculated FB = 15 ml.min ) 
Gas M 
NzO + 
02 + 
N2 + 
C02 + 
Ar + 
HAL + 
tr (ms) 
1500 
1500 
500 
2600 
600 
2000 
model 
155 
155 
147 
163 
151 
231 
A te f lon tube of 30 m with an internal diameter of 0.58 mm was 
t e s ted . The transients could not be f i t t e d by ei ther of the f i t t i n g 
models because of the bi-exponential shape of the transients of a l l 
Measured tM = 
Measured F- = 
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gases. Therefore response times had to be measured with the aid of a 
chart recorder running at a speed of 100 mm.s . The response times 
shown in table 7.7 are much longer for all gases, except halothane, 
than those obtained with a comparable polyethylene tube. It was con-
cluded that the material under study could not be used in clinical 
practice, and that the laws governing gas-tube interaction were more 
complicated than expected initially. 
PVC 
Even longer response times were obtained with a 30 m PVC tube. The 
material was excluded from further investigation, although it has 
some favorable properties. 
Steel 
As reported previously, stainless steel had an unacceptably long 
response time for halothane (Ponte, Lerou and van der Vegt, 1981). 
After cleaning with trichloroethylene a marked shortening of the 
response time was found, suggesting that a greasy material was used 
during the fabrication of the stainless steel tubes. However, not 
only the results remained unsatisfactory, but the material seemed 
also unsuited for use in the operating theatre because of its stiff-
ness. Other authors have reported the use of metal tubes (stainless 
steel and copper) for the measurement of respiratory and inert gases 
in human centrifuges and intensive care units (Démange, Jacquemin 
and Tibal, 1966; Crawford Mc Asian, 1976). 
Class 
Since satisfactory results were obtained with 18 metres of 0.8 mm 
bore glass tubing (Ponte, Lerou and van der Vegt, 1981), it was 
decided to test a longer and smaller bore inlet line. A glass tube 
with a length of 32 m (coiled into a helix with a diameter of 
100 mm) and ein internal diameter of 0.566 mm, was prepared and deac-
tivated at the Eindhoven University of Technology. Since computer 
facilities were not available at the moment of the tests, the 
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Table 7.8: Glass tube: 32 m length, 0.566 mm i.d. 
Experimental and predicted values for the residence time (<Υ*)> sam­
ple flow (Fn), and response times (t ) for various sample gases 
with the anaesthetics module [+ in column M) {NVM = no valid meas­
urement) . 
Measured t» = 26.7 s (SEM =0.0) (calculated t» = 22.27 s) 
Measured Г
и
 = 13 ml.min (calculated F
n
 = 13 ml.min ) 
Gas M 
NzO + 
0 2 + 
N2 + 
COz + 
Ar + 
HAL + 
On transients 
t
r
(ms) 
170 
NVM 
180 
220 
180 
420 
Off transients 
t
r
(ms) 
NVM 
155 
165 
215 
165 
450 
model 
168 
168 
160 
176 
164 
247 
response times had to be measured on a chart recorder running at a 
speed of 100 mm.s . It should be realized that reading errors up to 
10 ms can occur with this method. The results given in table 7.8 are 
the means of two measurements. The results prove that the theoreti­
cal limits can be reached if an appropriate material is used. 
Before further testing, it was decided to search for a material 
offering a better compromise between performance and ease of han­
dling. 
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7.1.2.4 Nylon 
The test of nylon tubes was performed in three steps : 
(1) step 1: three different combined inlet lines of about 30 m: 
(a) first line: 0.25 m + 30 m (selected for clinical use) 
(b) second line: 0.4 m + 30 m 
(c) third line: 0.1 m + 30 m 
(2) step 2: inlet line-valve combinations 
(3) step 3: the selected line was redesigned for clinical use and 
tested in the final sampling system for the monitoring of four 
patients. 
Step 1: three combined Inlet lines of about 30 m 
First Inlet line. This line, made of a combination of 0.25 m nylon 
tube (0.25 mm i.d.) and 30 m nylon tube (1.07 mm i.d.), was 
initially tested at the end of the pilot study and the test had to 
be recorded. Since the sample flow (47 ml.min ) approximated that 
of the second combined polyethylene tube (48 ml.min ), the results 
for both inlet lines were comparable. The results for the nylon 
tube, listed in table 7.9, showed much shorter response times for 
halothane than those obtained with the polyethylene tube. Moreover, 
the transients of all other sample gases had the shape of the normal 
probability integral. It was concluded that the gas-tube interaction 
was less in the nylon under study than in the previously tested 
polyethylene. 
Six months later a new tube with the same configuration and a 
measured sample flow of 49 ml.min , was tested on-line to compare 
the two methods of data acquisition on one hand, and to check the 
reproducibility of the results on the other. The results are shown 
in table 7.10. No statistically significant differences were found 
between the response times obtained with the two methods, except for 
the on transients of CO2 measured with the anaesthetics module, and 
for all transients of halothane. However, it was already mentioned 
that the halothane response time had worsened in the course of time. 
A chronological review of this unfortunate finding will be given at 
the end of the experimental study. To answer the question whether a 
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lower sample flow would also produce satisfactory results, a second 
inlet line was tested. 
Second inlet line: 30 m + ОЛ т. The performance parameters of this 
line, listed in table 7.11, combine a low sample flow (33 ml.min ), 
an acceptable delay time, and response times approaching the 
theoretical limits, with the exception of halothane. The latter 
observation might be solely due to the instruments basic response. 
This line is to be preferred when an extra low sample flow is 
needed. It can be expected that even at a flow of 20 ml.min , i.e. 
the sample flow of a standard inlet capillary, this nylon combina­
tion still approximates the theoretically predicted limits. 
However, a higher flow was thought to be advantageous when the inlet 
line is fitted to a switching valve, which introduces a dead volume. 
Third inlet line. To answer the question if it was advantageous to 
concentrate the resistance of the inlet line more at its tip, a 
combination was built of 0.1 m fused silica (0.2 mm i.d.) and 30 m 
nylon (1.07 mm i.d.). The fused silica had the extra advantage of 
being an inert material. The sample flow (53 ml.min ) was close to 
the sample flow of the first nylon inlet line. Tables 7.12 and 7.10 
show that the performance parameters of the first and third line are 
generally comparable, except for halothane. However, the nylon 
fused silica combination was tested a few months before the nylon 
nylon combination. A beneficial effect of the tube configuration and 
the fused silica could not be excluded. It was concluded that the 
tested line had no major advantages over the nylon nylon 
combination. Moreover, fused silica is fragile and expensive. 
The same remarks given for the polyethylene tubes apply to all 
three nylon inlet lines (differences between the on and off tran­
sients, between the results with or without anaesthetics module; 
"averaging" effect). 
The first nylon inlet line was selected for use in the operating 
theatres because it offered a good "compromise" between performance 
and ease of handling. It did not kink readily and could be 
installed, handled, and replaced more easily than glass tube. 
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Table 7.9: First nylon inlet line (recorded) 
Combination of 0.25 • 30 m with 0.25 and 1.07 mm i .d . 
Experimental and predicted values for the residence time ( t « ) / sam-
ple flow ÍFη), and response times f t ) for various sample gases 
with or without the anaesthetics module f + or - in column M). 
Column N shows the number of experiments, and column F shows 
the best fitting model: exponential (E) or normal probability inte­
gral (Λ/). Significant differences (P < 0.01) are Indicated in col­
umns I [between anaesthetics module on or off), and in column II 
(between on and off transients) with '* ' . 
Measured t » = 11.376 s (SEM = 0.003) ( c a l c u l a t e d t M = 10.69 s) 
Measured F B = 47 ml.min ( c a l c u l a t e d F,, = 46 ml.min ) 
Gas M 
N20 + 
N20 -
0 2 + 
0 2 -
N 2 + 
N 2 -
C02 + 
co2 -
Ar + 
Ar -
HAL + 
HAL -
On 
N F 
5 N 
4 N 
5 N 
5 N 
5 N 
5 N 
6 N 
5 N 
6 N 
6 N 
5 E 
4 E 
transients 
t
r
(ms) SEM I 
182 8 
151 1 
174 1 * 
196 2 
163 9 
158 5 
210 4 
186 7 
172 9 
178 3 
395 14 
403 21 
Off 
N F 
5 N 
5 N 
5 N 
4 N 
5 N 
5 N 
5 N 
5 N 
5 N 
5 N 
6 E 
6 E 
transients 
t
r
(ms) SEM I 
175 3 
160 8 
165 1 * 
177 3 
158 2 
159 3 
192 4 
189 10 
164 5 
162 3 
478 9 
450 11 
Model 
t
r
(ms) 
150 
150 
150 
150 
141 
141 
159 
159 
146 
146 
229 
229 
II 
* 
* 
* 
* 
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Table 7.10: First nylon inlet line (on line) 
Combination of 0.25 + 30 m with 0.25 and 1.07 mm i . d . 
Experimental and predicted values for the residence time (*»*)» sam­
ple flow (.Fn)> and response times [t ) for various sample gases 
with or without the anaesthetics module (+ or - in column M). 
Column N shows the number of experiments, and column F shows 
the best fitting model: exponential [E] or normal probability inte­
gral (/V). Significant differences (P < 0.01) are indicated in col­
umns I (between anaesthetics module on or off) with '*', in column 
II (between on and off transients) with '*', and In column III 
(between the recorded test and the test on line) with '(a' (on tran­
sients) and with '§' (off transients). 
Measured t M = 11.350 s (SEM = 0.000) ( c a l c u l a t e d t » = 10.69 s) 
Measured Г
в
 = 49 ml.min ( c a l c u l a t e d F R = 46 ml.min ) 
Gas M 
N20 + 
N2O -
O2 + 
O2 -
N2 + 
N2 -
CO2 + 
CO2 -
Ar + 
Ar -
HAL + 
HAL -
On transients 
N F t (ms) SEM I 
3 N 178 3 * 
3 N 154 3 
3 N 176 3 
3 N 182 9 
3 N 160 4 
3 N 160 5 
5 N 192 1 * 
3 N 177 3 
3 N 175 0 
3 N 179 1 
3 E 677 3 
3 E 679 3 
Off transients 
N F t (ms) SEM I 
3 N 186 6 
3 N 169 3 
3 N 164 1 * 
3 N 169 0 
3 N 166 1 
3 N 162 0 
3 N 192 1 
3 N 179 2 
3 N 164 0 
2 N 161 0 
3 E 771 3 
4 E 756 5 
Model 
t
r
(ras) 
150 
150 
150 
150 
141 
141 
159 
159 
146 
146 
229 
229 
II 
* 
* 
* 
III 
e 
@ § 
@ § 
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Table 7.11: Second nylon inlet line 
Combination of 0.4 • 30 m with 0.25 + 1.07 mm i .d . 
Experimental and predicted values for the residence time (ti,), sam-
ple flow (Fß)* and response times ( t ) for various sample gases 
with or without the anaesthetics module (+ or - in column M). 
Column N shows the number of experiments, and column F shows 
the best fitting model: exponential (EJ or normal probability inte-
gral f/V). Significant differences IP < 0.01) are indicated in col-
umns I [between anaesthetics module on or off), and in column II 
(between on and off transients) with '*'. 
Measured tM = 13.370 s (SEM = 0.006) ( ca l cu l a t ed tM = 12.85 s) 
Measured F- = 33 ml.min" ( ca l cu la t ed FB = 32.0 ml.min" ) 
Gas M 
N20 + 
N20 -
02 + 
02 -
N2 + 
N2 -
C02 + 
C02 -
Ar + 
Ar -
HAL + 
HAL -
On 
Ν Y 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 E 
3 E 
transients 
t
r
(ins) SEM I 
172 2 * 
157 1 
177 0 * 
191 2 
167 3 
165 2 
192 2 * 
173 1 
176 0 
179 0 
710 4 
719 10 
Off 
N F 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 N 
3 E 
3 E 
transients 
t
r
(ms) SEM I 
179 1 
169 4 
165 1 
171 1 
162 1 
161 1 
195 1 
180 2 
164 0 
162 0 
776 7 
770 1 
Model 
t
r
(ms) 
153 
153 
153 
153 
145 
145 
161 
161 
149 
149 
230 
230 
II 
* 
* 
* 
* 
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Table 7.12: T h i r d nylon inlet l ine. 
Combination of 0.1 m fused silica and 30 m nylon. 
Experimental and predicted values for the residence time f t « ) , sam­
ple flow l F η), and response times f t J for various sample gases 
with or without anaesthetics module (+ or - in column M). Column 
N shows the number of experiments, and column F shows the best 
fitting model: exponential f f j or normal probability integral (NJ. 
Significant differences [P < 0.01) are indicated in columns I 
(between anaesthetics module on or off) with '*', in column II 
(between on and off transients) with '*', and in column III 
(between this combination and the combination 0.25 + 30 m) with '(a' 
(on transients) and with '§' (off transients). 
Measured t j . = 10.784 s (SEM = 0.002) ( c a l c u l a t e d t . . = 10.58 s) 
Measured F_ = 53 ml.min ( c a l c u l a t e d F
n
 = 47 ml.min ) 
Gas M 
NzO + 
N2O -
O2 + 
O2 -
N 2 + 
N2 -
CO2 + 
CO2 -
Ar + 
Ar -
HAL + 
HAL -
On transients 
N F t
r
(ms) SEM I 
S N 172 3 * 
S N 144 1 
S N 174 3 * 
S N 194 2 
S N 157 1 
S N 160 2 
10 N 196 1 * 
S N 214 3 
S N 174 1 * 
S N 183 1 
6 E 472 3 
4 E 466 6 
Off transients 
N F t
r
(ms) SEM I 
S N 182 1 * 
S N 166 2 
S N 163 2 
S N 170 2 
4 N 159 1 
5 N 157 1 
5 N 196 1 * 
S N 184 3 
5 N 163 1 
5 N 160 1 
5 E 500 5 
S E 492 4 
Model 
t
r
(ms) 
150 
150 
150 
150 
141 
141 
159 
159 
145 
145 
229 
229 
II 
* 
* 
* 
* 
* 
* 
* 
III 
§ 
<a 
@ § 
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Step 2: ¡niet I i ne-val ve combinations 
The se l ec t ed i n l e t l i ne and a sho r t e r l i n e composed of the same 
mate r i a l (20 m + 0.26 m) were t e s t e d in combination with a va lve . If 
p o s s i b l e , the mass spectrometer should be i n s t a l l e d as near a pae-
d i a t r i c opera t ing room as poss ib le t o p r o f i t from the s h o r t e r delay 
and response t imes . 
Table 7.13: Nylon 30 m combined tube with valve 
Experimental and predicted values for the residence time Ct·.), sam-
ple flow (Fßh and response times (t ) for various sample gases 
with the anaesthetics module (* in column M). Column N shows 
the number of experiments, and column F shows the best fitting 
model: exponential (E) or normal probability integral (N). Values of 
the same line obtained without valve are shown in column I (on 
transients), and in column II (off transients). 
Measured t . . = 11.388 s (SEM = 0.002) ( ca l cu la t ed tM = 10.69 s ) 
Measured F- = 49 ml.min ( ca l cu la t ed Fn = 46 ml.min ) 
Gas M 
N2O + 
02 + 
N2 + 
C02 + 
Ar + 
HAL + 
On transients 
N F tr(ms) SEM 
5 N 208 3 
5 N 197 1 
5 N 185 1 
5 N 210 2 
5 N 192 0 
5 E 607 8 
I 
178 
176 
160 
192 
175 
677 
Off transients 
N F tr(ms) SEM 
4 N 211 1 
5 N 186 1 
5 N 185 1 
6 N 214 1 
5 N 189 0 
4 E 669 18 
II 
186 
164 
166 
192 
164 
771 
Model 
tr(ms) 
150 
150 
141 
159 
146 
229 
145 
Tables 7.13 and 7.14 show t h e r e s u l t s for both l i n e s . Only t r a n ­
s i e n t s with the a n a e s t h e t i c s module were measured as t h e mass spec­
trometer was t o be used in t h i s mode during c l i n i c a l p r a c t i c e . The 
higher cut off frequency of t h i s 20 m l i n e (f = 2.11 Hz for С0
г
) 
compared t o t h a t of the 30 m l i n e (f = 1.67 Hz for CO2) i s advan­
tageous in t h e monitoring of c h i l d r e n . 
Table 7.14: Nylon 20 m combined tube with valve 
Experimental and predicted values for the residence time (f«*i/ sam­
ple flow (Fo), ond response times ( t J for various sample gases 
with the anaesthetics module (+ in column M). Column N shows 
the number of experiments, and column F shows the best fitting 
model: exponential (£) or normal probability integral (N). Column 
I and column II show values for the 30 m line with valve. 
Measured t » = 6.706 s (SEM = 0.002) ( c a l c u l a t e d t » = 5.65 s) 
Measured F,. = 49 ml.min ( c a l c u l a t e d F,. = 49 ml.min ) 
Gas M 
N2O + 
0 2 + 
N 2 + 
CO2 + 
Ar + 
HAL + 
ENF + 
ISO + 
On transients 
N F t
r
(ms) SEM 
3 E 174 3 
3 Ν 163 1 
3 Ν 146 1 
3 Ν 166 1 
3 Ν 156 0 
3 Ε 520 2 
3 Ε 375 1 
3 Ε 388 14 
Ι 
208 
197 
185 
210 
192 
607 
Off transients 
Ν F t (ms) SEM 
3 Ν 162 2 
3 Ν 150 0 
3 Ν 147 0 
3 Ν 169 1 
3 Ν 150 0 
3 Ε 564 4 
3 Ε 430 1 
3 Ε 437 9 
II 
211 
186 
185 
214 
189 
669 
Model 
t
r
(ms) 
100 
100 
94 
105 
97 
153 
155 
155 
146 
Step 3: multiple user Inlet system 
The selected inlet line was redesigned for clinical use on two 
points, since not only less careful handling but also obstruction of 
the inlet lines by small particles was expected. 
Fig.7.5: Union without dead volume for joining the différents parts 
of the Inlet line and sampling system (enlarged). The bolt com-
presses the O-rlng and allows to exchange components. (Made and 
drawn by C. Toenders.) 
Firstly, the small bore tube fixed in front of the rest of the 
inlet line during the experimental study was housed totally into the 
wider bore tubing to prevent kinking of the fine tubing at the tip. 
Secondly, a practical solution had to be found for changing 
obstructed lines. Therefore the long wider bore tube was divided 
into two parts of 2.1 m and 27.9 m, called "patient probe" and 
"transport probe", respectively. A coupling device without dead vol-
ume was developed to join both parts (see fig.7.5). The construction 
of this union allowed to replace a blocked patient probe in two min-
utes by a spare one. Since it was expected that obstruction would 
occur mostly at the upstream end of the inlet line, the presence of 
a few spare patient probes could solve most of the problems of 
obstructed lines (if any). The downstream end of the transport probe 
was connected to the valve via a 0.1 m length of the same nylon tub-
ing as was used for the inlet line and an identical union as shown 
in fig.7.5. This construction allowed exchanging of the transport 
probe if needed. The tip of the patient probe was glued into an ISO 
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Table 7.15: Final version of the selected line 
Experimental and predicted values for the residence time ft«*)/ sam-
ple flow [Fß), and response times (tí for various sample gases 
with the anaesthetics module (+ in column M) after redesign for 
clinical use. Column N shows the number of experiments, and col-
umn F shows the best fitting model: exponential (F) or normal 
probability integral (Λ/). Column I and II show values of the line 
obtained before redesigning. 
Measured t» = 11.263 s (SEM = 0.003) (calculated t.. = 10.69 s) 
Measured F- = 50 ml.min (calculated F,, = 46 ml.min ) 
Gas M 
N 2 + 
C02 + 
HAL + 
ENF + 
ISO + 
On transients 
N F t (ms) SEM 
3 Ν 188 2 
3 Ν 218 3 
3 Ε 631 2 
3 Ε 483 3 
3 Ε 480 3 
Ι 
185 
210 
607 
Off transients 
Ν F t (ms) SEM 
3 Ν 185 1 
3 Ν 215 1 
3 Ε 688 4 
3 Ε 569 8 
3 Ε 515 15 
II 
185 
214 
669 
Model 
t
r
(ms) 
141 
159 
229 
232 
232 
15 mm connector so that sample gas was sucked off centrally in the 
breathing system. 
To be sure that the redesigning had no major influence on the 
performance parameters, the final version of the inlet line was 
tested for a few sample gases. The results are listed in table 7.15 
and are comparable to those obtained before the redesign. 
Four of the redesigned 30 m inlet lines and four miniature sole­
noid valves were assembled to form a system for sequential sampling, 
shown in fig.7.6. The valves were circularly mounted to minimize 
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Fig.7.6: Top (a) and side (Ь) view of the sampling system for 
four patients. Four circularly mounted valves direct the sample 
flows from the four operating rooms [O.R.) to the mass spectrome­
ter [M.S.], or the separate vacuum source (S.V.S.][made and 
drawn by C. Toenders). 
dead volume. A separate vacuum source was needed to maintain the 
sample flow through each inlet line not being connected to the mass 
spectrometer. This arrangement guaranteed that current respiratory 
signals were fed to the instrument. All unions between the different 
parts of the assembly were of the described type and each union 
proved to be (helium) leak free. A length of 0.15 m nylon tubing 
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fitted with a Luer connector completed the link between the valves 
and the normal inlet port of the mass spectrometer. A valve control 
unit, described in the next chapter, allowed to direct the gas of 
one of the four lines to the mass spectrometer by switching the 
appropriate valves. 
7.1.3 General discussion 
Lack of information about the structure and composition of the vari-
ous polymers used for manufacturing the tested tubes prevented to 
find correlations between solubility coefficients in the polymers 
and the observed response times. The results of this study should 
therefore not be applied to tubes of materials carrying the same 
generic name, since various modifications of polymers (crosslinking, 
plasticizing, crystallising, and fillers) affect the gas-polymer 
interactions (Stannett, 1968). Perhaps other polymer modifications 
showing less interaction with the anaesthetic gases will be found in 
the near future. 
The decrease in response times in the polyethylene combined tube 
in comparison with a 30 m uniform tube (same flows) is stronger than 
the model predicts. This may be explained as follows. There is a 
relation between the partial pressure of the sample gas and the con-
tact area between both phases on one hand, and the adsorbed and 
absorbed amount of gas on the other. (Fig.6.14 shows the pressure 
versus distance functions for both types of tube.) The product of 
the average pressure and the area of the inner surface of the tube 
(or the sum of the products for both tube parts) is smaller for the 
combined tube. 
The unfortunate observation that halothane response times were 
increasing in the course of the study is illustrated in table 7.16. 
Apparently contamination of the gas handling system could not be 
avoided. 
Comparison of the presented results and those reported by others 
is difficult as the experimental conditions were different. 
Moreover, response times are given in the various reports as 10 to 
90%, 0 to 90%, or 0 to 95% response times. Table 7.17 shows the per-
formance parameters of various inlet lines in clinical use. Ozanne 
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Table 7.16: Chronological values of halothane response times 
The halothane response time for tubes with comparable sample flows 
as a function of time. 
day 
0 
7 
120 
165 
166 
on transient 
(ms) 
395 
452 
472 
710 
677 
off transient 
(ms) 
478 
526 
500 
776 
771 
sample flow 
(ml.min"1) 
47 
52.6 
52.6 
32.6 
49 
tube 
no. 
1 
2 
2 
3 
1 
Table 7.17: Comparison of various inlet lines 
Values of the performance parameters of inlet lines, reported by 
Ozanne et al. (1981)[1), Spence ί1981)[2). Cillbe et al. (1981)СЗ), 
and this study (4 and 5 ) . Transients are off transients. Symbols: 
ny = nylon, pe = polyethylene, и = tube with uniform diameter, с = 
combined tube. 
1) 
2) 
3) 
4) 
5) 
Tube Samp! 
(ml 
30 m nylon u 
45 m nylon u 
32.25 m ре с 
30.25 m ny с 
30.40 m ny с 
Le flow 
.min 
180 
20 
42 
49 
33 
ь 
^ 
(s) 
6.4 
26 
13.9 
11.4 
13.4 
t
r
N 2 
(ms) 
200 
560 
? 
166 
162 
t
r
 C 0 2 
(ras) 
250 
625 
860 
192 
195 
t
r
 HAL 
(ms) 
280 
1050 
? 
771 
776 
»r* 
10-90% 
0-90% 
0-95% 
10-90% 
10-90% 
et a l . (1981) reported that their results for the response time 
shown in table 7.17 must be doubled when the outlet pressure of the 
in let lines is increased to 75 kPa in order to store the respiratory 
signal. 
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Goodwin (1979) measured 10 to 90 percent response times for 
capillaries of 1 ram and 2 mm bore with lengths of up to 90 m, but 
mentioned neither tube material nor sampling flow and did not test 
anaesthetic agents. He found that response times were proportional 
to capillary length but were independent of radius. His result, 
that the increment of response time per unit tube length is 
4 ms.m , is in agreement with eq.6.32, where 4.6 ms.m was calcu­
lated. In his experiments the tested inlet line was fitted directly 
to the molecular leak. 
7.2 EXPERIMENTAL STUDY IN THE OPERATING THEATRE 
The Centronic mass spectrometer and the eight-channel chart recorder 
were installed in the operating theatres of the Department of 
Obstetrics and Gynaecology (head Prof. Dr Т.К. Eskes) of the Sint 
Radboud University Hospital, Nijmegen. The equipment was located in 
one of the two operating theatres, but the long inlet lines allowed 
the analysis of the respiratory gases of the two patients. The main 
objectives of this part of the study were: 
• to compare the performance of a long inlet line with that of an 
inlet line of conventional length in a clinical situation, 
• to illustrate the clinical use of long sampling tubes. 
7.2.1 Long versus short inlet line 
The short inlet line was a combination of the same materials as used 
for the selected long inlet line: 0.4 m of 0.25 mm bore nylon tubing 
was housed in a 2 m length of tubing, inner diameter 1.07 mm. This 
configuration was chosen for two reasons. First, the sample flows 
of short and long line had to be comparable (44 ml.min and 
50 ml.min were measured). Secondly, the short line had to be con­
nected to one of the valves of the multi-patient sampling system. 
The design of the multi-patient system and the difference in transit 
times of the two lines (0.3 s cf. 11.3 s) allowed to analyse the 
same breath sampled through each of the two lines. Therefore, two 
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breaths sampled through the short line were first recorded, then the 
valves were switched and the same two breaths, sampled through the 
long line, were analysed. Thus it was possible to compare directly 
the respired waveforms of gas that had been sampled through both 
inlet lines simultaneously. Fig.7.7 shows that the isoflurane single 
breath curves sampled through the long line are only slightly 
blunted. 
Fig.7.7: Comparison of the same two breaths of isoflurane sampled 
through the short [2 m) line [leff), and through the long (30 m) 
inlet line [right). The arrow indicates switching lines. 
7.2.2 Clinical use of long sampling tubes 
Following components were routinely analyzed in the respiratory air 
of anaesthetized patients: nitrogen, oxygen, carbon dioxide, nit-
rous oxide, argon, and one volatile anaesthetic (halothane, enflu-
rane, or isoflurane). 
7.2.2.1 Monitoring of fractional gas concentrations 
Five examples of checking and controlling the composition of 
anaesthetic gas mixtures are now given. Fig.7.8 shows the waveforms 
of respired CO2 at the mouth during controlled ventilation on one 
hand, and spontaneous breathing on the other hand. The capnograms at 
a breathing frequency of 20 breaths.min , and the "cardiogenic" 
oscillations produced during slow spontaneous ventilation at the end 
of anaesthesia are well preserved. 
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Fig.7.8: Capnograms obtained vla the 30 m inlet line during con-
trolled ventilation (20 breaths .min ) with a N20/Oz mixture (leftJ, 
and during spontaneous air breathing via the endotracheal tube at 
the end of anaesthesia (right]. Note the difference in noise, and 
the cardiogenic oscillations. 
The administration of isoflurane for a very short procedure is 
illustrated in fig.7.9. The narrow "peak" at the start is caused by 
opening the vaporizer. The recording shows that it takes some time 
before the inspiratory level of the volatile anaesthetic is con-
stant, owing to the anaesthetic uptake by breathing circuit compo-
nents . 
Fig.7.9: Wash-in and wash-out of isoflurane during a laparoscopy 
The waveforms in fig.7.10 show the (unintentional) admixture of 
room air disturbing normal nitrous oxide wash-in at the start of 
general anaesthesia. 
Fig.7.11 provides an illustration of sequential monitoring of 
patients in two operating theatres: only oxygen and halothane wave-
forms are shown. 
Fig.7.12 illustrates that the mass spectrometer instantaneously 
detects a leakage of air into the circle system when closed-circuit 
anaesthesia is started after denitrogenation of the patient. 
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w
 (a) t (b) 
Fig.7.10: Unintentional air admixture just after the start of gen­
eral anaesthesia, while the patient was supposed to breathe a 2/1 
NzOtOz mixture (a). Normal wash-in of N20, and wash-out of /V2 
and Ar are resumed at the arrow after closing the air inlet valve of 
the ventilator ( b ) . 
30s 
Fig.7.11: Sequential sampling from operating rooms A and B. In 
room A halothane is administered, and the F, ^ is just being 
ι ,u2 
raised. In room В no halothane is used. 
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Fig.7.12: Example of a leaking circle system. At the first arrow a 
-j 
closed-circuit anaesthesia Is started [fresh gas flow Is 0.25 I.min 
О
г
 ]. An oxygen analyser with a slow response did not detect the 
leak. At the second arrow fresh gas flow is raised (2 and 1 I. mi η 
N20 and Ог, respectively]. 
7.2.2.2 Estimation of pulmonary blood flow 
It was realized that the simple manoeuvre of N2O wash-in, carried 
out at the start of general anaesthesia, might provide information 
about the circulatory condition of the patient. The present investi­
gation explored the possibility to estimate pulmonary capillary 
blood flow from the N2O wash-in curve. The objective was not to 
investigate thoroughly the proposed method, but to perform a pilot 
study that might be a base for further investigations. 
Kety (1951) derived an expression that describes the alveolar gas 
fraction (F.) of a foreign gas, e.g. N30, as a function of time 
after a step change in the inspiratory gas fraction (F-,). It is 
possible to deduce the pulmonary blood flow from this expression, if 
the course of the ratio F./FT as a function of time is known, and if 
the ratio V^/V™ is estimated via the Bohr equation (V
n
 = dead space, 
V T = tidal volume). 
156 
Five female patients (ASA I), scheduled for laparoscopy, age from 
22 to 37 years, were induced with fentanyl 0.1 mg, gallamine 
(0.3 mg.kg ), and pentothal (5 mg.kg ). Suxamethonium (1 mg.kg ) 
facilitated intubation. Patients were connected to an Engstrom ven­
tilator, already running with a fresh gas mixture of 2/1 nitrous 
oxide/oxygen to guarantee a stepwise change in the inspiratory N2O 
fraction. Breathing frequency was 12 per minute. Expired gas escaped 
to the atmosphere via a 2-litre breathing bag at the outlet of the 
ventilator. One 30 m inlet line continuously sampled at the mouth of 
the patient during the first five minutes of anaesthesia. During 
this period (no surgical stimulus was applied), a N 20 wash-in curve 
was recorded on the XY-recorder, and the capnogram recorded on the 
Gould Brush recorder. Immediately after this period, gas was sampled 
via another 30 m line from the breathing bag to measure the mean 
expiratory CO2 fraction. Respiratory minute volume was timed on the 
ventilator spirometer. 
FA/Fi 
0 5 -
1 2 3 4 5 
t (min) 
F i g . 7 . 1 3 : Curve fitted by the program JOSEXP through the points 
obtained by plotting the ratio of the alveolar [F .) to the inspira­
tory (Fp Н
г
О fractions against time. 
A b iexponent ia l curve was f i t t e d through t h e values of Τ,/Y-r by a 
program JOSEXP (see f i g . 7 . 1 3 ) , generat ing t h e necessary fac tors t o 
c a l c u l a t e the c a p i l l a r y pulmonary blood flow from Kety ' s equat ion. 
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Table 7.18 lists the results. An error analysis is beyond the scope 
of this thesis, but the presented results are such that the estima-
tion of the pulmonary blood flow with the aid of a step change in 
inspiratory N20 fraction should be further investigated in the 
future. 
Table 7.18: Estimation of pulmonary blood flow 
Values of the ratio anatomical dead space (VQ) to tidal volume {Vj) 
and capillary pulmonary blood flow (Q__) in five female patients. 
cp 
Patient 
1 
2 
3 
4 
5 
weight 
74 
56 
81 
60 
69 
(kg) age (years) 
37 
22 
33 
34 
36 
VVT 
0.263 
0.324 
0.268 
0.235 
0.289 
Qcp (l.min"1) 
7.85 
7.58 
8.81 
4.89 
5.69 
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CHAPTER 8 
SIMULTANEOUS MONITORING OF FOUR PATIENTS 
Sequential analysis of the respiratory gases from several patients 
by a centrally located mass spectrometer causes a dead period before 
new results are available. While the sample gas from one line is 
analysed, and the results are displayed in the operating theatre, 
the gas from all other patients is drawn off by a separate vacuum 
source and is not analysed. Consequently, the anaesthetist receives 
no information about his patient during considerable time periods. 
Sucking off sample gas between the periods of analysis garantuees 
that current information is presented to the mass spectrometer when 
the sampling system switches from one line to the other (see 
fig-1.1). 
An alternative to this "slow" sequential monitoring was given in 
a preliminary report (Ponte, Lerou and van der Vegt, 1981). A sys-
tem, sampling sequentially the respiratory gases of four patients at 
a frequency higher than their breathing frequency, was proposed to 
realize simultaneous monitoring of four patients with one mass spec-
trometer. This chapter describes the further developments of this 
system, its theoretical background, the testing of its parts, its 
applications, and its limitations. 
8.1 SAMPLING THEORY 
Digitizing analog signals is a necessary step in the process of sig-
nal analysis by digital computers. During this step, an analog (con-
tinuous) input signal is being sampled at a fixed sampling rate by 
an analog to digital converter (ADC). The analog signal is trans-
formed into a sequence of discrete samples so that the waveform is 
represented by a series of numbers, as illustrated in fig.8.1. If 
the sampling rate is high enough the analog signal can be recon-
structed from the digital data. If the sampling rate is too low, 
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Fig.8.1: Two analog electric signals are converted into two 
sequences of discrete samples so that the signals are represented 
by a series of numbers. Left: the sampling rate is high enough to 
recover the original signal. Right: the too low sampling rate yields 
a signal without resemblance to the original signal (aliasing error). 
A linear interpolation between the sample points illustrates that the 
interpolation method also determines the minimum sampling rate to 
recover a signal within allowable error limits (After J.P. Blackburn 
(Scurr and Feldman, 1974), by courtesy of W. Heinemann Medical 
Books Ltd). 
errors are made when recovering the original signal (foldover or 
aliasing error). The selection of sampling2 rates is governed by 
theoretical considerations. 
A starting point for selecting sampling rates is Shannon's 
Sampling Theorem, which states: "if a time function contains only 
frequency components below F cycles per second, 2F samples per sec­
ond suffice to represent it perfectly and permit perfect recovery". 
The limitations of this theory were investigated by Gardenhire 
1
 The reader will recognize that "to sample" has another meaning in 
the language of signal analysis than used thus far. "Sampling" in 
respiratory mass spectrometry means the continuous process of 
drawing off the sample gas through the inlet system, whereas "sam­
pling" in signal analysis refers to the discontinuous process of 
taking a sample at fixed intervals. 
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(1964) who showed that it only holds for ideal data with a frequency 
spectrum cutting off perfectly above frequency F, and for an optimum 
reconstruction method interpolating between successive samples, i.e. 
a Wiener filter. He calculated the minimum sampling rate for non-
ideal data as a function of the manner in which the frequency spec-
trum of the analog signals falls off, the reconstruction method, and 
the allowable error in recovering the signals. 
So far sampling of electric signals at fixed intervals has been 
treated. Respiratory signals could be sampled similarly under their 
gaseous form by cyclic interruption of the gas stream from one line. 
Thus the gas from different inlet lines could be sequentially fed to 
the mass spectrometer at a much higher frequency than used for nor-
mal slow sequential monitoring. An example of a system for four 
patients will clarify the difference between both types of monitor-
ing. Suppose that sampling periods of 20 seconds are used for one 
operating theatre with the "slow" method. During this period a few 
breaths are analysed, the information for the anaesthetist is 
updated, then no more information is available to him during 60 sec-
onds (see fig.8.2). The proposed system, on the other hand, uses a 
sampling period of a fraction of a second on each inlet line. In the 
ideal situation this period would be infinitesimally short so that 
the complete respired waveforms of the four patients could be recov-
ered and made simultaneously available to the anaesthetists in the 
four operating rooms (see schematically in fig.8.3). Therefore the 
raw output signal of the mass spectrometer has to be rearranged to 
assemble the information of one patient. Since the performance of a 
pneumatic system switching at high frequencies from line to line has 
its limitations, the ideal situation can only be approached. 
It is concluded from the foregoing that both the frequency spec-
trum of the respiratory input signal and the maximum attainable 
switching frequency of the pneumatic system must be evaluated to 
test the proposed method. 
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Fig.8.2: Scheme of sequential analysis of the airway gases of four 
patients. Complete respiratory waveforms are displayed. No informa­
tion is available in one operating theatre during the dead period. 
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Fig.8.3: Scheme of the proposed method [same respiratory signals 
as in fig.8.2). The mass spectrometer output signal has to be rear­
ranged and reconstructed for each patient. A continuous monitoring 
of the four patients is realized. 
162 
8.2 SYSTEM DESIGN 
8.2.1 The pneumatic sampling system 
The system described in the previous chapter was used. Valves manu-
factured by Skinner caused mechanical troubles at high switching 
frequencies, and were replaced by Kuhnke valves (24 V solenoid 
valves). The performance of the separate vacuum source is important, 
not only because the performance parameters of the inlet lines 
depend on it, but also because the artifacts on the output signal 
generated by switching lines were influenced by the vacuum perform-
ance. Both points will be illustrated further. 
8.2.2 The valve control unit 
An electronic unit controlled the switching of the valves in three 
modes. Firstly, the valves could be switched manually by a push but-
ton on the unit to sample during any desired period on the same 
inlet line. Secondly, the valves could be switched at a frequency 
governed by a square wave generator. In this mode the total sampling 
time was automatically shared between the four lines. In the third 
mode, illustrated in fig.8.4, the timing of the valves was control-
led by the internal clock of the mass spectrometer via the control 
unit. In each of the three modes it was possible to overlap the 
opening of the valves by zero to 50 ms (Y in fig.8.4). 
8.2.3 Sample and hold circuits 
The raw output signal of each channel of the mass spectrometer could 
be fed to four sample and hold circuits, one for each patient. Each 
circuit was gated "on" during the last 50 ms of the sampling period 
on one line and held the signal until the circuit was updated. Thus 
parallel outputs were provided, one for each patient and each gas of 
interest. This hardware solution for rearranging the signals and the 
resulting step interpolation between successive samples were consid-
ered satisfactory to illustrate the principles and the possibilities 
of the proposed method. 
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Fig.8.4: The valve control unit. This unit transformes the signal 
from the internal clock of the mass spectrometer [M.S.] into the 
voltages for switching the valves (Y = adjustable overlap time), and 
controls the opening of the sample and hold circuits (S/H) which 
rearrange the raw output signals. 
8.3 SYSTEM EVALUATION 
8.3.1 Respiratory input signal 
The frequency spectrum of the respiratory input signal was evaluated 
as follows. Gas was sampled from a ventilated patient (breathing 
frequency 12 breaths.min ) through the standard inlet capillary on 
one hand, and the 30 m inlet line on the other. The C02-signals were 
recorded on the instrumentation tape recorder. A fast Fourier trans-
form of the C02-signals of twelve consecutive breaths (showing a 
linearly rising plateau) allowed to calculate the power content of 
their frequency spectra, which are shown in fig.8.5. Controlled ven-
tilation was chosen since a valid Fourier analysis requires that the 
length of the respiratory cycles and the shape and magnitude of the 
respired waveforms are constant (Attinger and Mc Donald, 1966). 
Fig.8.5 shows that both spectra have their main peak at the 
breathing frequency (0.21 Hz), and that the signal obtained with the 
long line has a poorer spectrum where frequencies higher than 
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Fig.8.5: Power spectrum of the frequencies present in the respira-
tory C02-signal of a ventilated patient, obtained via the standard 
inlet capillary Cleft) and the selected 30 m Une [right]. 
1.05 Hz are virtually eliminated. According to Gardenhire (1964), a 
sampling rate of 2.1 Hz or 6.2 Hz must be used to recover the com-
plete signal with a Wiener optimum filter or a linear interpolation 
method respectively (5% RMS error). This means that the sampling 
period on each line is maximally 0.119 s or 0.04 s, respectively 
(for a pneumatic system with four users). 
8.3.2 Separate vacuum source 
The separate vacuum source, responsible for the gas transport 
through the inlet lines during the period that the sample gas is not 
fed to the mass spectrometer, was evaluated by measuring the sample 
flow through one inlet line. Three vacuum sources were tested: the 
central vacuum supply, a separate rotatory pump, and the mass spec-
trometer transport pump via the blood gas inlet port (illustrated in 
figs.5.1 and 5.4). The sample flows, drawn off by the various vac-
uum sources and via the different inlets, were measured twice and 
the means are listed below: 
respiratory inlet, blood gas inlet off: 50 ml.min 
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• respiratory inlet, blood gas inlet on: 
• blood gas inlet: 
• separate rotatory pump: 
• central vacuum: 
The following conclusions were made: (1) gas sampling via the blood 
gas inlet as a second vacuum source did not influence the sample 
flow via the respiratory inlet port; (2) nearly identical perform-
ance parameters could be expected from the long inlet lines when 
connected to the blood gas inlet as when connected to the respira-
tory inlet (this had the practical advantage that no other rotatory 
pump had to be installed); (3) the central vacuum supply was not 
suited as separate vacuum source. 
8.3.3 Switching artifact 
Switching from one line to another produced an artifact on the mass 
spectrometer output signal owing to transient pressure changes. It 
was tried to minimize these artifacts because they prolonged the 
time needed to make a valid measurement. It was supposed that the 
switching artifacts would be minimal if the time to switch lines was 
zero, if the conductances G^ of all inlet lines were identical, if 
the conductances of the tubings to the mass spectrometer transport 
pump (G2) and separate vacuum source (G3) were identical, and if the 
pump performance of the separate vacuum source and transport pump 
would match (see fig.8.6). In other words, if the artifacts were due 
to pressure changes, they had to disappear if the local pressures on 
corresponding points of the four inlet lines and the two tubings to 
the vacuum sources were identical. Moreover, it was expected that 
the anaesthetics module would have an important influence on the 
artifacts. 
First the conductances of the inlet lines were matched by cutting 
off very short lengths of the small diameter tubing until approxi-
mately equal flows were measured. The four inlet lines had a sample 
flow of 47, 48, 47, and 49 ml.min respectively (means of two meas-
urements). Higher sample flows augmented the switching artifacts, 
probably because of the higher local pressure at the valves. 
50 ml.min 
49 ml.min 
49 ml.min 
40 ml.min 
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F ¡g. 8.6: Work hypothesis to minimize artifacts on the output sig-
nal. The switching of two valves is symbolized by the arrows. 
Artifacts should be minimal if the conductances of the two inlet 
lines (Cj) match, if the conductances of the connecting tubes (C2 
and G3} match, if the switching time is zero, and if the vacuum 
sources match. 
Secondly, the sample system as described in the previous chapter was 
symmetrically constructed to ensure equal conductances of all corre-
sponding parts. Thirdly, the electronics of the valve control unit 
was set to switch the valves without overlap (Y = 0). 
Fourthly, the artifacts on the N2, Ог, and Ar channel were esti­
mated with the valves switching at a low frequency during room air 
sampling (see fig.8.7). The switching artifacts were grossly influ­
enced by the separate vacuum source: the greatest artifacts were 
seen with the central vacuum. They were also proportional to the 
output signal, but were attenuated by the use of the anaesthetics 
module, which let the artifacts virtually disappear when the blood 
gas inlet was used as separate vacuum. These artifacts were consid­
ered acceptable. The artifacts disappeared completely when the con­
necting tube between switching valve and the gas handling system was 
minimally obstructed by scarcely turning the inlet selector valve 
towards its closed position. This was probably due to the slightly 
smaller sample flow via the blood gas inlet which was 2 % lower than 
via the respiratory inlet. The artifacts reappeared when obstructing 
the connecting tube to the blood gas inlet by means of a needle 
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valve. All these observations supported the work hypothesis. After 
the described adjustments an overlap time was no longer needed to 
minimize the artifacts, in contrast to a previous report when 
adjustments were not made (Ponte, Lerou and van der Vegt, 1981). 
10 s 
Fig.8.7: Recordings of the switching artifacts on the /
 г
 channel 
when room air was sampled. On the upper row the anaesthetics 
module is off, on the lower row it is on. Three separate vacuum 
sources were tested: the central vacuum supply (left), a separate 
rotatory pump {middle), and the mass spectrometer transport pump 
via the blood gas mode inlet (right). 
8.3.4 Sampling rate 
The maximum attainable sampling rate per inlet line (or switching 
frequency of the valve) is determined by the number of lines, the 
features (e.g. dead volume) of the valves and connecting tube, and 
the response time of the mass spectrometer recording system. The 
latter depends on the sampled gas. The features of the valves were 
estimated by generating a "pulse" of the gases of interest at the 
valves. 
The valve control unit was set at a low switching frequency. 
Inlet line No.l was sucking off a 2/1 N2O/O2 gas mixture containing 
10% sample gas or 3% of a volatile anaesthetic, while inlet line 
N0.2, 3 and 4 were drawing off a 2/1 NjO/Oj mixture. At the start of 
each experiment, the gas from line No.l was fed to the mass spec­
trometer; the gas from the other lines was sucked off by the sepa-
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rate vacuum source. The valves were then switched with an interval 
of five seconds following the sequence No.1-2-3-4. Switching from 
line No.l to No.2, or from line No.4 to No.l generated an off or an 
on transient, respectively. The mass spectrometer output signal of 
the gas under study and the voltages activating the valves were 
recorded on the chart recorder running at a speed of 100 mm.s 
The overlap time of the control unit (Y in fig.8.4) was set to zero, 
and the anaesthetics module was on. 
Fig.8.8: Diagram of 'intervals and responses times after valve 
opening and closing. "Valve open" = solenoid is activated. 
An example of a recording is shown schematically in fig.8.8. An 
interval of approximately 100 ms was seen between the activation of 
the valve and the instant where the gas signal began to alter. This 
interval was due to the transit time of the gas to travel down the 
connecting tube between valve and sample chamber, since the interval 
lenghtened considerably by inserting a length of tubing between 
valve and inlet port. The times needed by the gas signal to rise to 
95 % of its final value or to decay to 5 % of its starting value 
(t95) were virtually identical and are listed in table 8.1. The 
results show that the tested system could not ensure the sampling 
rate that was calculated above in order to recover the complete 
input signal of all gases. The sampling periods needed to make 
valid measurements were too long, in particular for the volatiles. 
The requirement to recover the entire signal was abandoned for the 
time being. 
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Table 8.1: Features of the Kuhnke valves 
Values for the interval Ct.]. the zero to 954 response time [t9S), 
and t. . (t.+t9S) after opening of a valve. 
gas/vapour t. Cms) tg5 (ras) t . (ms) 
N20 
o2 
N2 
CO2 
Ar 
halothane 
enflurane 
isoflurane 
90 
95 
90 
90 
100 
100 
90 
90 
130 
110 
115 
130 
110 
830 
750 
700 
220 
205 
205 
220 
210 
930 
840 
790 
An overlap time could be reintroduced to increase the sampling 
rate because of the delay that was seen before the gas signal began 
to alter. The final switching scheme provided an opening time of 
250 ms for each valve with an overlap time of 50 ms, resulting in a 
sampling rate of 1.25 Hz per line. These numbers were chosen to 
guarantee valid measurements even when the sample flow is slightly 
reduced by an increased inlet line resistance. Moreover, a sampling 
rate which is slightly higher and therefore at the margin of the 
possiblities of the system is prone to invalid measurements without 
a considerable increase in information. 
8.4 DISCUSSION 
What information does the system provide ? 
To answer this question, a respiratory signal obtained with a 30 m 
inlet line is schematically illustrated in fig.8.9. A capnogram is 
taken as an example and a 1/2 ratio of the inspiration to the expi-
ration time is supposed. The time needed by the descending limb RS 
of the signal to reach the baseline, i.e. the inspiratory frac-
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Fig.8.9: Scheme of a capnogram obtained via a 30 m inlet line. 
The arrows indicate the sampling points. The inspiratory СО
г
 level 
{period Ω) is detected at every breath up to 16.67 breaths.min 
F
 a is the highest value detected, and F is its preceding value. 
The maximum error made by the system in the measurement of the 
end-expiratory fraction is discussed in the text. 
t i o n a l gas c o n c e n t r a t i o n or F , , depends on the frequency réponse of 
the i n l e t system and t o t a l e d 0.4 s with the s e l ec t ed 30 m i n l e t 
l i n e . The dura t ion of the per iod SP i s given a s : 
60 
Ω = 0.4 (8.1) 
3N 
where N is the number of breaths per minute. The F-, of each breath 
is detected if the sampling rate is greater than Ω , or if: 
f > 
s 20-0.4N 
(8.2) 
where f is the sampling rate. Conversely, eq.8.2 allows to calcu­
late the maximum number of breaths per minute where the Fj is 
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detected at each breath, if f is constant. When f = 1.25 Hz, this 
' s s 
maximum is 16.67 breaths.min . If the breathing frequency is 
greater than 16.67 breaths.min , the sampling system detects the Fj 
only once in two or more breaths, depending on the phase angle 
between the two periodic signals, i.e. the respiratory and the sam­
pling signal. 
A few points are detected on the expiratory phase PQR of the cap-
nogram if N < 16.67 breaths.min . Among these, the highest value 
measured (F „ ) is the best estimate of the end-tidal F-,-. of that 
max L1U2 
breath (F-1 „„ ). The error between the highest value detected and 
the true F-i
 c o
 depends on the shape of the capnogram. No error 
exists if there is a horizontal plateau. If the plateau is linearly 
rising, the value of the error varies from breath to breath as the 
distance between the sample with the highest value and the end-tidal 
point R varies. However, the maximal error can be calculated from 
the information delivered by the system as illustrated in fig.β.9. 
In a first approximation it is supposed that the maximal error 
occurs when the last sample on the plateau is at the maximal inter­
val, i.e. 0.8 s, from the end-tidal point. Since the sample inter­
vals are identical, the maximal error is equal to the difference 
between the values of the maximum sample and its preceding sample, 
or: 
maximal error = F „ -F (8.3) 
max ρ 
The maximal error is slightly smaller than calculated with eq.8.3 as 
the sample with the highest value is always at a shorter interval 
from the end-tidal point than the supposed 0.8 s. For the best esti­
mate of the Fj-t
 c o
 that may be displayed, the following corrected 
value may be used: 
F -F 
max ρ 
F = F + (8.4) 
с max
 ч
 ' 
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For instance, suppose that the true F-i -,_ is 5% and that the maxi-
mal error is 0.3%. The displayed values for F will vary between 
max 
4.7 and 5%, whereas the value for F will vary between 4.85% and 
5.15%. 
Other information which can be calculated from the sample values 
is the slope of the plateau (if it is linearly rising). If the cap-
nogram has or takes suddenly an abnormal form the maximal error no 
longer equals the difference between F and F . The value of this 
max ρ 
difference may be used as indicator of the shape of the expiratory 
part of the capnogram. If the capnogram takes suddenly an abnormal 
form, e.g. by kinking of the endotracheal tube, the value changes 
suddenly. 
What information does the system not provide? 
At the sampling rate of 1.25 Hz no valid information is obtained 
about the volatile anaesthetics since the opening time of the valves 
is too short (see table 8.1). The inspiratory and end-expiratory 
levels of the other gases are detected at unpredictable intervals if 
the breathing frequency is higher than 16.67 breaths.min . Thus 
the tested system makes continuous sampling necessary for: (1) the 
valid analysis of volatile anaesthetics, (2) the complete waveforms 
of the respired gases, and (3) breathing frequencies higher than 
16.67 breaths.min . A basic solution to overcome that need will be 
given below. A practical solution for the time being might be to 
combine both sampling modes, to interrupt manually or automatically 
the fast sampling system and to switch over to continuous analysis 
for a short period. The last solution is acceptable for several 
reasons. 
Firstly, the F-, and the Fpi of the volatiles do not alter as fast 
as the other gases in most situations, particularly in low flow sys­
tems, and volatile anaesthetics are not always administered. 
Secondly, continuous display of the complete waveforms of all gases 
and vapours during the entire operation is seldom asked for. The 
anaesthetist who wants to see an entire waveform of a gas or vapour 
receives that information at regular intervals or he can ask for it 
at crucial moments. At the same time he can evaluate the true error 
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between F and Fpi. Thirdly, the interruption of the fast sampling 
for only a short period will suffice for analysis of the complete 
respired waveforms of patients with a high breathing frequency: at 
25 breaths.min , two complete breaths are analysed in 4.8 seconds. 
Any desired scheme for the automatic switching from one sampling 
mode to the other might be controlled by a microprocessor or micro-
computer adjusting the scheme to the actual needs of the users. 
How can the system be improved? 
The tested system cannot attain sampling rates high enough to recon-
struct complete respiratory waveforms. A speculation about a basic 
solution is to propose the construction of a "multi-molecular leak 
mass spectrometer": four appropriate micro valves, one for each 
patient, might act as molecular leaks. Switching rates of the leaks 
would only be determined by the basic response of the mass spectrom-
eter. A blue-print has been made. 
8.5 CLINICAL APPLICATIONS 
This section illustrates the principle of the simultaneous monitor-
ing of four patients with one mass spectrometer. Only two patients 
were monitored since there were only two operating rooms available. 
The other two inlet lines of the system sampled room air. The arti-
facts seen on the recordings are due to the sample and hold circuits 
of the prototype. Illustrations are given on the following points: 
• functioning of the system at a breathing frequency of 12 and 
16 breaths.min" (fig.8.10), 
• simultaneous monitoring (fig.8.11), 
• adjustment of FT n (fig.8.12). 
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1
-On™|m|[[[mim 
Fig.8.10: Recordings of NzO, O2. and СОг from a single patient. 
At the arrow breathing frequency is changed from 12 to 
16 breaths.min . Artifacts on the signals {thin arrows) are due to 
the sample and hold circuits of the prototype. 
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Fig.8.11: Simultaneous monitoring of patients in rooms A and B. 
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Fig.8.12: Adjustment of F.
 n in one operating room. 
8.6 CONCLUSIONS 
The tested system provides the inspiratory concentration, and the 
end-expiratory concentration (with a known uncertainty) of the 
respiratory gases (except the volatile anaesthetics) of each 
breath of four patients provided their breathing frequency is lower 
than 16 breaths.min . Moreover, information on the slope of the 
expiratory part of the respired waveforms is obtained. Thus the 
tested system provides a monitoring without dead periods. 
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CHAPTER 9 
FUTURE DEVELOPMENT: MULTI-PART INLET LINE 
This chapter describes a logical extension of the theory presented 
in chapter 6. 
9.1 OPTIMUM RADII FOR A TUBE WITH TWO PARTS 
The question was raised if the performance parameters of inlet lines 
composed of two parts might be further optimized by using other com­
binations of radii than commercially available. Therefore a program 
GRID was written in Fortran allowing to calculate the total resi­
dence time (t M), and total apparent band broadening (o) as a func­
tion of a range of radii (r^ and τ
ζ
) for any desired sample flow and 
total length (fig.9.1). 
rangffor Г| 
rangt for Гу 
L 
F, 
В 
'••іН&ЧЖЧИШИЯ'.,*-^ 
GRID 
Е ж ж т ш ш ^ » ? . 
- t M as f ( г і . г г ) 
-ffas f i r . , г , ) 
Fig.9.1: Input and main output variables of GRID. 
The range of radii for rl on one hand and τζ on the other was fed 
to GRID, which plotted the resulting residence times and apparent 
band broadenings three-dimensionally as a function of rj and rg. An 
example of such a plot for the residence times is shown in fig.9.2. 
The length and sample flow were the same as in the examples in chap­
ter 6, i.e. 20 m and 67.5 ml.min 
Fig.9.2 illustrates that the residence time reaches a minimum for 
a certain combination of radii. A graphical solution to the problem 
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Fig.9.2: Three-dimensional plot of t., as a function of r^ and r2. 
of the optimum combination of radii (minimum residence time) was 
found by projecting the three-dimensional figure on the τ1τζ plane: 
height lines, representing identical residence times (iso-residence 
time lines), were plotted as a function of ri and r2. Then the 
values of the radii where the residence time reaches a minimum could 
be measured from the figure since the exact range of radii fed to 
GRID was known. An example of the procedure is shown in fig.9.3. 
By feeding the graphical solutions for rj and r 2, the desired 
flow, and the distance to be bridged into JOSCOM, the lengths of the 
two parts of the tube were calculated (see fig.9.4). 
The results of the described procedure for a combined tube with a 
length of 20 m and a sample flow of 67.5 ml.min are given in 
table 9.1, where a uniform tube and two different combined tubes are 
compared. One of the combinations was investigated in chapter 6 and 
consists of commercially available tubing. Table 9.1 shows that the 
tube found by means of GRID has a shorter residence time. The calcu­
lated residence time and C02-response time in the latter tube are 
about 30% smaller than in the uniform tube. 
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Fig. 9.3: I so-residence time lines as a function of r^ and rz. The 
coordinates of the minimum t.» can be graphically interpolated. 
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Fig.9.4: The sequence of GRID, graphical solution (CS), and 
JOSCOM generates the optimum radii and optimum lengths ( y and I) 
for a two-part tube. 
The velocity profi le of the combined tube found with the aid of 
GRID is i l lus t ra ted in f ig.9.5, showing that very similar profiles 
are attained in both parts of the tube. 
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Table 9 . 1 : Comparison of three inlet line configurations 
Tube A [uniform i.d.), tube В and С [combined tubes) have iden­
tical lengths and sample flows. Tube В consists of tubing with com­
mercially available radii. Tube С was found with the aid of GRID. 
Symbols: V = average linear gas velocity, F η = sample flow, t · . = 
residence time, о = apparent band broadening for COz, t = С0г 
response time. 
radius (nun) 
length (m) 
ν (m.s-1) 
total length 
FB (ml.min"
1) 
t M (s) 
a (s) 
t
r
 (s) 
Tube A 
0.3698 
20.0 
3.927 
20.0 
67.5 
5.093 
0.041 
0.105 
Tube В 
part 1 part2 
0.19 0.5 
0.997 19.003 
12.55 4.027 
20.0 
67.5 
4.798 
0.039 
0.100 
Tube С 
part 1 part 2 
0.3109 0.9798 
9.883 10.117 
5.506 5.448 
20.0 
67.5 
3.652 
0.030 
0.076 
v ( m s - ' ) 
Fig.9.5: Mean velocity profile in the combined tube (length 20 m, 
Г І = 0.3109 mm and rz = 0.9798mm) found with the aid of GRID. 
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9.2 OPTIMUM RADII FOR A TUBE WITH MORE THAN TWO PARTS 
An extens ion of the foregoing f indings was t o s p l i t up each of the 
two p a r t s of t h e combined tube again. The same procedure, using 
GRID and JOSCOM, generated a four-part t u b e . I t s performance parame­
t e r s a re shown in t a b l e 9.2: t h e res idence time and apparent band 
broadening are fur ther reduced in comparison with the two-part tube . 
Table 9.2: Comparison of a one-, two-, and four-part tube 
Values for some variables of an uniform tube (/4), a two-part 
tube (CI, C2), and a four-part tube (DI, D2, D3, D4>, each tube 
having a total length of 20 m and a sample flow of 67.5 ml. mi η 
Symbols:! = part length, r = radii, ν = average linear gas velocity 
in each part, Z. = ratio of the inlet and outlet pressure of each 
part of the tube, tv, = total residence time, t = СО
г
 response 
time = 2.56 χσ. 
1 (m) r (mm) ν (m.s ) Ζ. t M (s) t (s) 
A 20 0.370 3.927 100 5.093 0.105 
Cl 
C2 
9.883 
10.117 
0.311 
0.980 
5.506 
5.448 
9.821 
10.182 
3.652 0.076 
Dl 
D2 
D3 
D4 
4.920 
4.963 
5.054 
5.063 
0.268 
0.471 
0.843 
1.500 
6.943 
6.960 
6.897 
6.906 
3.090 
3.178 
3.176 
3.207 
2.908 0.059 
The results for a tube made of eight parts are not illustrated as 
the search procedure became very lengthy. However, the values of the 
other variables in table 9.2 may lead to the following conclusion. 
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ΊΓ.Γ ^ ^ 
2fal""Pa(l ^_ 
Ια Pju 'ω 
Fig.9.6: A tube length with inlet pressure ρ and outlet pressure 
ρ ¡s split into two parts with lengths I and I . and radii r and 
г . The pressure at the junction is p¡u. 
If, in the search procedure for a minimum tw, a length of tube is 
divided into two parts, it turns out that: 
• the lengths of each part are nearly equal, 
• the average linear gas velocities in both parts of the length of 
tube are nearly equal, 
• the ratio of the pressures at the inlet and outlet of each tube 
part nearly equals the square root of the ratio of the inlet and 
outlet pressure of the divided tube length. 
If these conditions are taken to be exact, the procedure of minimiz-
ing tM is simplified. It follows that: 
ν = ν 
α ω 
(9.1) 
where ν and ν are the average linear velocities in both parts of 
o u 
the tube (see fig.9.6), and 
α
 rju 
= /Ζ = 
ju Ρ,. 
(9.2) 
182 
where ρ , p. , ρ are the inlet pressure, the pressure at the junc­
tion, and the outlet pressure of the tube, respectively, and 
Ζ = ρ /ρ . 
The law of mass conservation requires that: 
_ _ 2 _ = 2 
p v r = p v r (9.3) 
where ρ and ρ are the average pressures, and r and r the radii 
of the two parts of the tube. Calculation of the average pressures 
analogously to the eqs.6.47 and 6.48, and combining with eq.9.1 and 
eq.9.3, yields: 
r 
α 
— = V Z (9.4) 
Γ
ω 
The relationship in eq.9.4 can be recognized in the relations bet­
ween the radii which were found in the previous examples by means of 
the lengthy procedure using GRID and JOSCOM (see table 9.2). 
Therefore the influence on the residence time and apparent band 
broadening of a tube was further investigated in a procedure where: 
• the tube was divided in η parts of equal length, 
• the ratio of in- and outlet pressures of each part was put equal 
to the n-th root of the ratio of the in- and outlet pressure of 
the whole tube. 
It is expected that this procedure will give results very similar to 
the procedure GRID, graphical solution, and JOSCOM. 
A program JOSLIM (based on the program JOSUT: see fig.6.16) and 
fulfilling the latter two conditions, calculated not only the radii 
of the η parts of the tube for any desired n, sample flow, and total 
length, but also the resulting total residence time and total appa­
rent band broadening (see fig.9.7). This is illustated in 
table 9.3, which shows that dividing a tube into four or eight parts 
of equal length reduces the residence time by 43% or 49%, respec­
tively, compared to a tube with uniform diameter; the same figures 
apply for the reduction in apparent band broadening. 
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JOSLIM 
• η r
n 
"'M 
Fig.9.7: The input and main output variables of JOSLIM. 
Table 9.3: Results of the program JOSLIM 
Values of the total residence time (tp.) and С0
г
-response time (t ) 
for tubes divided into η parts of equal length. Each tube has a 
total length of 20 m, and draws off a sample flow of 67.5 ml.min 
Only the range of radii is given for η > 4. 
η 
1 
2 
3 
A 
5 
8 
16 
32 
64 
128 
256 
t M (s) 
5.093 
3.652 
3.126 
2.888 
2.764 
2.618 
2.543 
2.523 
2.519 
2.517 
2.517 
t
r
 (s) 
0.105 
0.076 
0.064 
0.059 
0.056 
0.053 
0.051 
0.050 
0.050 
0.050 
0.050 
radii (μιη) 
370 
312, 986 
284, 613, 1320 
268, 477, 849, 1510 
258 
242 
227 
220 
216 
214 
213 
to 1630 
to 1810 
to 1970 
to 2050 
to 2080 
to 2100 
to 2110 
The results given by JOSLIM are very close to those found with 
the procedure using GRID and J0SC0M for η = 2, 4 (for comparison see 
tables 9.3 and 9.2). Differences might be due to reading errors made 
during the graphical solutions. A nearly optimal solution is found 
by creating a tube divided into 256 equal parts. The radius and the 
pressure profile of such a tube are illustrated in fig.9.8. 
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F i g . 9 . 8 : Radius and pressure of a tube composed of 256 parts of 
equal length plotted against distance. 
rVz-
F i g . 9 . 9 : The radii for a four- (χ) and eight-part (o] tube [calcu­
lated with JOSLIM) plotted against distance. Their radius profiles 
already approach the ideal profile, calculated with eq.9.5, shown in 
the curve. 
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The radius and pressure are exponentially rising and declining, 
respectively. It can be shown that the radius versus distance func­
tion is given by: 
r = r i Ζ
 X / 2 L
 (9.5) 
where r. is the radius at the inlet, χ is the coordinate of dis-
tance, L is the total length of the tube, and Ζ is the ratio of 
inlet and outlet pressure. The radius at the inlet can be calcu­
lated exactly by means of eq.6.10 for η -• «, taking into account 
that the length of the first part equals L/n, and that the ratio of 
inlet and outlet pressure of the first part equals V'Z. Fig.9.9 
shows that the radius versus distance function predicted by eq.9.5 
is approached by the solutions found by JOSLIM when η > 4. 
It is concluded on theoretical grounds that the optimal form for 
an inlet line of a respiratory mass spectrometer may be a "trumpet" 
form with an exponentially rising radius as a function of distance. 
This "sounds" promising for the future. 
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S U M M A R Y 
Respiratory mass spectrometry is a nearly ideal, though expensive 
method for the breath-by-breath analysis of respired gas mixtures. 
A solution to the problem of cost is offered by the use of long sam­
pling tubes (say 30 m) allowing to share one mass spectrometer among 
several operating theatres. Thus sample gases from patients are 
sequentially analysed. Two implications of the sequential analysis 
of gas sampled through long sampling lines (signal distortion in the 
tubes generally made of polymers, and the "dead period" between sam­
pling periods on one line) were simply accepted until now, although 
distortion was sometimes compensated by an unnecessarily high sample 
flow. Possible improvements in these two unwanted effects of remote 
mass spectrometer operation were searched for in this thesis. 
Since an innovative application of the mass spectrometer was 
envisaged, the instrument could not be treated as a "black box". 
Therefore its physicochemical background, its operation, and the 
problems arising from its use during anaesthesia were studied and 
reviewed in part I of the thesis. 
The performance of the quadrupole mass spectrometer Centronic 200 
MGA, which incorporates an "anaesthetics module" containing a spec­
trum overlap eraser and an automatic sensitivity control (ASC) sys­
tem, was evaluated (chapter 5). Static and dynamic accuracy proved 
to be satisfactory for clinical use, although the noise level on the 
CO
г
 signal was much higher in а Ы 20/0 г mixture than in air. The 
proper functioning of the ASC system was experimentally confirmed. 
The search for a tube causing minimal distortion necessitated to 
work out first a mathematical model predicting the relationships 
between the three "performance parameters" (sample flow, transit 
time, and response time) of an ideal tube (no gas-tube interaction) 
on one hand, and its geometry on the other hand. In practice these 
three parameters should be as small as possible, but transit time 
and response time are inversely proportional to sample flow. The 
model was developed for two inlet configurations: "uniform tubes", 
i.e. tubes with uniform diameters, and "combined tubes", i.e. tubes 
187 
consisting of two parts with different diameters. Discussion of the 
relationships between performance parameters was facilitated by cal­
culation programs written in Fortran. The model revealed that com­
bined tubes would possibly offer smaller distortion and shorter 
transit times than uniform tubes for a given sample flow, and that 
as a rule of thumb the response time of a uniform tube increases 
with 5 ms per metre. The predictions from the model (for ideal 
tubes) served to judge the results of the selection procedure made 
by experimental observation between tubes of various materials and 
geometries. The objective was to select an inlet line which 
approached the predicted signal distortion for a given geometry, and 
in addition could be handled easily in clinical practice. 
Inlet lines were tested by observing their responses (transit 
times; 10% to 90% response times) to step changes in partial gas 
pressure (10 kPa) for N2O, 0г, N2, CO2, Ar, halothane, and sometimes 
for enflurane and isoflurane (on and off transients). On line data 
acquisition (MINC computer with ADC) was mostly used, and a curve 
fitting program calculated transit and response times. Sample flows 
were measured with a bubble flow meter. 
Testing the Centronic standard capillary (1.2 m length) showed 
that the experimental set-up produced reliables values: 10% to 90% 
response times for N2O, 0
г
, Ыг, СОг, and Ar were shorter than 75 ms. 
Response times for volatile anaesthetics (395 ms for the off tran­
sient of halothane) were much longer than expected and reported by 
others. The results for this capillary were further used as the 
"basic response" of the mass spectrometer. 
Three lengths of uniform tube (9.85 m, 20 m, and 30 m) and two 
combined tubes (4.1 + 25.4 m, and 1 + 29 m), made of polyethylene, 
were tested. The predicted response times could only be experimen­
tally approached for argon and nitrogen: 171 ms for argon in a 30 m 
tube, calculated value = 151 ms, the gap being explained by the 
instrument's basic response. The combined tube showed shorter tran­
sit and response times than the uniform tube with comparable length 
and sample flow. It was concluded that the tested polyethylene 
(Portex) is not suited for clinical use because of its strong inter­
action with halothane. 
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Teflon (Talas), PVC (Talas), and steel (Chrompack) tubes were 
discarded from clinical use because of unacceptable signal distor-
tion. A 32 m deactivated glass tube (0.566 mm i.d.) with a sample 
flow of 13 ml.min approached the values predicted by the model for 
an ideal tube. However, glass was not suited for practical use, and 
since nylon showed favourable properties, it was decided to search 
directly for an nylon inlet line meeting practical needs. These 
needs were: 30 m length, a maximal sample flow of 50 ml.min , easy 
to handle, and "minimal" distortion. A nylon combined tube (0.4 m 
with 0.25 ram i.d., and 30 m with 1.07 mm i.d.) offered a low sample 
flow (33 ml.min ), an acceptable transit time (13.37 s), and signal 
distortion aproaching theoretical limits: response times for all 
gases were smaller than 195 ms, except for halothane. The latter 
observation was mainly due to the long basic response of the mass 
spectrometer, in addition, deteriorating in the course of time. A 
combined nylon inlet with a slightly higher sample flow 
(49 ml.min ) was selected for clinical use to compensate for the 
effects of the dead volume introduced by the valves of a multi-user 
system. Four selected lines, redesigned so that lines could be 
replaced within two minutes, and four miniature solenoid valves were 
assembled to form a system for sequential sampling. The clinical use 
of this system was illustrated on several points. 
A system was developed sampling sequentially the respiratory 
gases of four patients at a frequency much higher than their breath-
ing frequency to exclude dead periods in patient monitoring. 
Respired waveforms were "reconstructed" by means of sample and hold 
circuits. The frequency spectrum of the respiratory input signal, 
evaluated by fast Fourier analysis, showed that the maximum attaina-
ble switching frequency of the system on one inlet line (1.25 Hz) 
was insufficient to recover "complete" respiratory waveforms of four 
patients (6.2 Hz would be necessary for a breathing frequency of 
12 breaths.min , if a linear interpolation method is used). 
However, the system provides the inspiratory and the end-expiratory 
fractional concentrations (with a known uncertainty) of the respired 
gases (except the volatile anaesthetics) of each breath of four 
patients, provided their breathing frequency is lower than 16 
breaths.min . Thus simultaneous monitoring of four patients is 
realized. 
189 
Â speculation about future development in sampling probe design 
is presented in chapter 9: the response time and transit time of an 
inlet line consisting of more than eight parts (calculations were 
performed up to 256 parts) are halved in comparison to a uniform 
tube with equal sample flow, provided appropriate diameters are used 
for all parts. 
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HET GEBRUIK VAN LANGE SAMPLEBUIZEN 
IN DE RESPIRATOIRE MASSASPECTROMETRIE 
met speciale aandacht voor de simultane bewaking 
van vier patiënten onder algemene anesthesie 
SAMENVATTING 
Massaspectrometrie is een bijna ideale, maar dure methode om het 
verloop van partiële gasspanningen tijdens de ademhalingscyclus te 
meten. Een zeer sterke verbetering in de verhouding kosten/baten is 
mogelijk door gebruik te maken van lange (bv. 30 m) samplecapillai-
ren. Deze laten toe één massaspectrometer voor meerdere operatie-
kamers in te zetten, waarbij de gasmonsters van verschillende 
patiënten na elkaar worden geanalyseerd. Twee directe gevolgen van 
dit sequentiële analyseren van gas dat getransporteerd wordt door 
lange buizen, werden tot nu toe zonder meer geaccepteerd (signaal-
vervorming in de lange buizen die meestal uit kunststof zijn 
vervaardigd, en de "wachttijd" tussen de meetperiodes op één 
operatiekamer). Vervorming werd soms gecompenseerd door de sample 
flow veel hoger dan nodig te maken. In dit proefschrift werd gezocht 
naar mogelijke verbeteringen van deze twee ongewenste effecten. 
Aangezien op een nieuwe toepassing van de massaspectrometer werd 
gemikt, kon het apparaat niet als een "black box" worden behandeld. 
Om die reden werden zijn fysicochemische basis, zijn werking, en de 
problemen die ontstaan door gebruik tijdens anesthesie bestudeerd en 
behandeld in "Part l" van het proefschrift. 
De quadrupole massaspectrometer Centronic 200 MGA werd uitgetest 
(chapter 5). Dit instrument heeft electronische voorzieningen om de 
problemen, optredend tijdens anesthesie, te ondervangen. Het 
onderzoek wees uit dat zijn eigenschappen klinisch gebruik mogelijk 
maken. Het ruisniveau op het CO2 signaal was echter hoger in een 
NsO/Og mengsel dan in lucht. 
191 
Het onderzoek naar een samplecapillair met een "minimale" 
signaalvervorming maakte het noodzakelijk om vooraf een mathematisch 
model op te stellen (chapter 6). Dan eerst was het mogelijk om de 
verbanden te voorspellen die bestaan tussen vervorming, transport-
tijd van het gas, en de sample flow enerzijds (drie factoren die 
verder "performance parameters" worden genoemd), en anderzijds de 
afmetingen van een ideale buis. In een "ideale" buis treedt geen 
interactie op tussen het materiaal waaruit de buis vervaardigd is en 
het gasmonster. In de praktijk is het wenselijk dat de drie 
"performance parameters" zo klein mogelijk zijn, maar transporttijd 
en vervorming zijn omgekeerd evenredig met de sample flow. Het 
model werd ontwikkeld voor twee soorten buizen: "uniforme buizen", 
die een uniforme diameter hebben, en "combinatiebuizen", die uit 
twee delen met verschillende diameters bestaan. Voorspelling van de 
gezochte verbanden werd vergemakkelijkt door rekenprogramma's in 
Fortran. Het model liet zien dat combinatiebuizen waarschijnlijk een 
kleinere vervorming en sneller gastransport zouden opleveren dan 
uniforme buizen met identieke sample flow. Als vuistregel kan worden 
gehanteerd dat de 10% tot 90% aanwijstijd van een uniforme tube met 
5 ms per meter toeneemt. De voorspellingen van het model, met name 
de vervorming bij een gegeven sample flow, dienden om de resultaten 
te beoordelen van de selectieprocedure die werd opgezet tussen tubes 
van uiteenlopende materialen en afmetingen. M.a.w., er moest een 
samplecapillair worden gevonden dat de voorspelde vervorming bij 
gegeven buisafmetingen benaderde, maar dat ook nog makkelijk te han-
teren viel in. de praktijk. 
De buizen werden getest door hun 10% tot 90% aanwijstijd en· hun 
transporttijd te meten na stapvormige veranderingen (10 kPa) in de 
partiële gasspanning van N2O, O2, N2, C02, Ar, halothaan, en soms 
ook enfluraan en isofluraan (on en off transients). Signalen van 
experimenten werden meestal on-line toegevoerd aan een MINC computer 
met AD-convertor, waarna een curve fitting programma transporttijden 
en aanwijstijden berekende. Sample flows werden met een bellenflow-
meter gemeten (chapter 7). 
- De test van-het standaard capillair (lengte 1.25 m) leerde dat de 
experimentele opstelling betrouwbare waarden opleverde: de 10% tot 
90% aanwijstijd voor alle gassen was korter dan 75 ms, behalve voor 
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dampvormige anesthetica. Halothaan bv. vertoonde een aanwijstijd die 
veel langer was dan verwacht (359 ms voor de off transient) en door 
andere auteurs beschreven. De resultaten voor dit capillair werden 
verder gehanteerd als de "basisaanwijstijd" van de massaspectro-
meter. 
Drie lengten van uniforme polyethylene (PE) buis (9.85 m, 20 ш, 
en 30 m) en twee combinatiebuizen van PE (4.1 + 25.4 m, en 1 + 29 m) 
werden uitgetest. De theoretisch voorspelde waarden konden experi­
menteel slechts door argon en stikstof worden benaderd: de aanwijs­
tijd voor argon was 171 ms voor een 30 m buis, terwijl 151 ms was 
berekend. Het verschil wordt verklaard door het aandeel van de ba­
sisaanwijstijd in de gemeten tijd. De andere gassen hadden aanwijs-
tijden die langer waren dan voorspeld. Deze verschilen worden 
veroorzaakt door interacties met het PE. De combinatiebuis 
vertoonde een kortere transporttijd en aanwijstijd dan de uniforme 
buis met vergelijkbare lengte en sample flow. De conclusie was dat 
het getestte PE (Portex) ongeschikt was voor gebruik als sample­
capillair, omwille van de sterke interactie met halothaan. 
Teflon (Talas), PVC (Talas), en stalen (Chrompack) buizen bleken 
eveneens onbruikbaar omwille van onaanvaardbare signaalvervorming. 
Een 32 m glazen capillair (0.566 mm i.d.) met een sample flow van 
13 ml.min evenaarde de waarden voorspeld voor een ideale buis. 
Glas was echter niet zonder meer geschikt voor de praktijk. Daaren­
boven bleek nylon gunstige eigenschappen te hebben. Daarom werd 
rechstreeks gezocht naar een nylon buis die aan praktische behoeften 
voldeed: 30 m lengte, een maximale flow van 50 ml.min , makkelijk 
hanteerbaar, en "minimale" vervorming. Een nylon combinatiebuis 
(0.4 m met 0.25 mm i.d., en 30 m met 1.07 mm i.d.) vertoonde een 
lage sample flow (33 ml.min ), een aanvaardbare transporttijd 
(13.37 s), en een vervorming die de theoretische grenzen benaderde: 
de aanwijstijden voor alle gassen waren kleiner dan 195 ms, behalve 
voor halothane. Deze laatste waarneming was hoofdzakelijk toe te 
schrijven aan de lange basisaanwijstijd van de massaspectrometer. 
Deze bleek daarenboven in de loop van de studie toe te nemen. Een 
nylon combinatiebuis met een wat hogere flow (49 ml.min ) werd 
uitgekozen voor klinisch gebruik teneinde de effecten te compenseren 
van de dode ruimte, die door de kleppen van het sample systeem voor 
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meerdere patiënten worden geïntroduceerd. De transporttijd van deze 
buis was 11.35 s en de aanwijstijden waren korter dan 192 ms, 
behalve voor de dampvormige anesthetica. Vier van deze buizen, vier 
electromagnetische kleppen en een stuureenheid voor de kleppen 
vormden een sample systeem voor sequentiële gasanalyse. Enkele 
illustraties van het gebruik ervan op de operatiekamer sluiten dit 
hoofdstuk af. 
In het volgende hoofdstuk wordt de ontwikkeling beschreven van 
een systeem dat sequentieel de ademhalingsgassen bij vier patiënten 
monstert, echter met een frequentie die veel hoger ligt dan hun 
ademfrequentie (chapter 8). De ademcurven werden gereconstrueerd met 
behulp van sample en hold circuits. Op deze manier werd de 
wachttijd, dit is de tijd dat geen gasanalyse voor een patient kan 
worden uitgevoerd, uitgesloten. Evaluatie van het frequentiespectrum 
van een single breath curve met behulp van snelle Fourier analyse, 
toonde aan dat de maximaal haalbare schakelfrequentie van het 
ontwikkelde systeem (1.25 Hz per patiënt) onvoldoende was om 
"volledige" curves van vier patiënten te reconstrueren. Het systeem 
levert echter wel de inspiratoire en de eind-expiratoire fractionele 
concentratie (met een bekende onzekerheid) van alle gassen (behalve 
de dampvormige anesthetica) van elke ademhaling van vier patiënten, 
op voorwaarde dat hun ademfrequentie lager ligt dan 16 per minuut. 
Simultane bewaking van vier patiënten is hierbij gerealiseerd. 
In het laatste hoofdstuk werd over een mogelijke ontwikkeling op 
het gebied van lange samplecapillairen gespeculeerd (chapter 9). 
Theoretisch wordt aangetoond dat de aanwijstijd en transporttijd van 
een combinatiebuis, die uit meer dan acht delen bestaat 
(berekeningen werden gemaakt tot 256 delen), worden gehalveerd in 
vergelijking met een uniforme buis met dezelfde sample flow, op 
voorwaarde dat de gepaste diameters voor alle delen worden gebruikt. 
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"For some must watch while some must sleep" 
Shakespeare (Hamlet, Pr ince of Daiunark, Act 3 , Sc. 2 . ) 
STELLINGEN 
behorend bij het proefschrift 
THE USE OF LONG SAMPLING TUBES 
IN RESPIRATORY MASS SPECTROMETRY 
with special reference to the simultaneous monitoring 
of four patients during general anaesthesia 
J.G.C. Lerou 
I 
Lange samplebuizen, vervaardigd uit polyethyleen (Portex), zijn on-
geschikt om het verloop van de fractionele halothaanconcentratie 
tijdens de ademhalingscyclus te meten. 
Dit proefschrift 
II 
Lange samplebuizen, bestaande uit de combinatie van twee buizen met 
verschillende, maar bepaalde inwendige diameters, zijn zowel uit 
theoretisch als praktisch oogpunt te verkiezen boven lange sample-
buizen met een uniforme diameter. 
Dit proefschrift 
III 
Het is mogelijk om vier patiënten onder algemene anesthesie met be-
hulp van één massaspectrometer zonder onderbreking te bewaken. 
Dit proefschrift 
IV 
Het sturen van de beademing aan de hand van de eind-expiratoire 
fractionele koolzuurconcentratie, zoals tijdens algemene anesthesie, 
wordt vergemakkelijkt door gebruik te maken van een langzame beade-
mings frequent ie. 
V 
Bij de nasotracheale intubatie van de neonatus gaat de volgende 
waarneming praktisch altijd op: "wat door de neus gaat, past in de 
trachea". 
VI 
Een operatie in de achterste schedelgroeve dient bij voorkeur bij 
een patiënt in liggende houding te worden verricht. 
E. feordon (1975). A basis and practice of neuroanaesthe-
sia, p.186. Excerpta Medica, Amsterdam. 
VII 
Het verdient aanbeveling dat iedere anesthesioloog-in-opleiding me-
moriseert dat de zuurstofvoorziening van het lichaam afhangt van 
hart-minuutvolume, arteriële hemoglobineconcentratie, arteriële 
zuurstofsaturâtie, en arteriële zuurstofspanning. 
VIII 
Opheffen van ongewenste opioïde effecten met behulp van naloxone aan 
het eind van een algemene anesthesie dient te gebeuren volgens de 
intraveneuze titratiemethode beschreven door Dirksen. Vóór dit an-
tagoneren is normocarbie vereist, dienen "dampvormige anesthetica" 
en lachgas voldoende, dus overeenkomstig hun fysische eigenschappen, 
uitgewassen, en curariforme stoffen op indicatie geantagoneerd te 
zijn. 
R. Dirksen (1980). Tijdschrift voor geneesmiddelenonder-
zoek, 2/80, p.610. 
IX 
Bij de praeoperatieve evaluatie, het peroperatieve anesthesiebeleid, 
en de postoperatieve behandeling dient men er zich van bewust te 
zijn dat een patiënt met myotonia dystrophica lijdt aan een aandoe-
ning van meerdere orgaansystemen. 
χ 
In de literatuur aangegeven regels om de verse gasflow in een "low 
flow" anesthesiesysteem te bepalen zijn slechts vuistregels voor de 
gemiddelde patiënt en een technisch perfect systeem. Meting van de 
fractionele concentraties van de gassen en dampen die in dergelijke 
systemen voorkomen is derhalve noodzakelijk. 
XI 
Hardlopend een vlieger oplaten is onpractisch. 
XII 
In tegenstelling tot de hele en halve onwaarheden die ons dagelijks 
door de reclame op de mouw worden gespeld, moet toch worden gecon-
stateerd dat het langer meegaan van vloeibaar Dreft van voordeel 
bleek tijdens de experimenten van tenminste twee proefschriften. 
M. Gielen. Body plethysmography. A comparative study 
of volume measurements in a constant-volume and a 
constant-pressure body Plethysmograph. Thesis, Nijmegen 
(1971), p.51. 
Dit proefschrift (sectie 5.2.4). 
XIII 
Een tevreden mens vergadert niet. 
Onbekende Nederlandse zegswijze. 
Gelezen bij Prof. Dr G.P. Hoefnagels: "Je zwam te 
grabbel gooien". 
Nijmegen, 4 mei 1984. 
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